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FOREWORD 


The Electric and Hybrid Vehicle (EHV) Program was established 
in DOE in response to the Electric and Hybrid Vehicle Research, 
Development, and Demonstration Act of 1976. Responsibility for 
the EHV Program resides in the Office of Electric and Hybrid Ve~ 
hide System of DOE. The Near-Term Hybrid Vehicle (NTHV) Program 
is an element of the EHV Program. DOE has assigned procurement 
and management responsibility for the Near-Term Hybrid Vehicle 
Program to California Institute of Technology, Jet Propulsion Lab- 
oratory (JPL) . 

The overall objective of the DOE EHV Program is to promote 
the development of electric and hybrid vehicle technologies and to 
demonstrate the validity of these systems as transportation options 
which are less dependent on petroleum resources. 

As part of the NTHV Program, General Electric and its subcon- 
tractors have completed studies leading to the Preliminary Design 
of a hybrid passenger vehicle which is projected to have the max- 
imum potential tor reducing petroler'n consumption in the near-term 
(commencing in 1985) . This work has been done under JPL Contract 
955190, Modification 3, of the Near-Term Hybrid Vehicle Program. 

This volume is part of Deliverable Item 7 Final Report , of 
the Phase I studies. In accordance with Data Requirement Descrip- 
tion 7 of the Contract, the following documents are submitted as 
appendices : 

APPENDIX A is the Mission TUialysi s and Performance Specifica - 
tion Studies Re'port that constitutes Deliverable Item 7 and re- 
ports on the work of Task 1. 

APPENDl B is a three-volume set that constitutes Deliverable 
Item 2 and reports on the work of Task 2. The three volumes are; 

• Volume I — Design Trade-Qff Studies Report 

• Volume II — Supplement to Design Trade-Off Studies 

Report, Volume I 

• Volume III — C omputer Program Listings 

APPENDIX C is the Preliminary Des ign Data Package that consti- 
tutes Deliverable Item 3 and reports on the work of Task 3. 

APPENDIX D is the Sensitivity Analysis Report that constitutes 
Deliverable Item 8 and reports on "ask 4. 

The three classifications - Appendix, Deliverable Item, and 
Task numbers - may be used interchangeably in these documents. The 
interrelationship is tabulated below; 
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Appendix I to m Task Title 


1 Mission Analysis .jud. Forlormance 
Specification Studj<s Report 

2 Vol . 1 - Design Trade-Off Studies 

Report 

Vol. II - Supplement to Design 
Trade-Off Studies Re- 
port 

Vol . Ill— Computer Program 
Listing 

3 Preliminary Design Data Package 

4 Sensitivity Analysis Report 


This is Appendix C, Preliminary Design Data Package. It 
presents the design methodology, design decision rationale, ve- 
^i^i® P^^sliminary design summary , and advanced technology devel- 
opments . 
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Section 1 

INTRODUCTION AND SUMMARY 


1.1 INTRODUCTION 

This is Appendix C, Preliminary Design Data Package (Deliver- 
able Item 3) . it reports on Task 3 and is part of Deliverable 
Item 7, Final Report , which is the summary report of a series 
which documents the results of Phase I of the Near-Term Hybrid Ve— 

phase of the program was a study leading to 
the preliminary design of a hybrid vehicle utilizing two energy 
sources (electricity and gasoline/diesel fuel) to minimize petro- 
leum usage on a fleet basis. 

The program is sponsored by the U.S. Department of Energy (DOE) 
and the California Institute of Technology, Jet Propulsion Labora- 
tory (JPL) . Responsibility for this program at DOE resides in the 
Office of Electric and Hybrid Vehicle Systems. Work on this Phase I 
portion of the program was done by General Electric Corporate Re- 
search and Development and its subcontractors under JPL contract 
955190. 

This Appendix C presents the design methodology, the design 
decision rationale, the vehicle preliminary design summary, and 
the advanced technology developments. Included in this report are 
five appendices which present the detailed vehicle design; the 
vehicle ride and handling and front structural crashworthiness 
analysis; the microcomputer control of the propulsion system; the 
design study of the battery switching circuit, the field chopper, 
and the battery charger; and the recent HYVEC program refinements 
and computer results. 
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1.2 OBJECTIVES OF THE PRELIMINARY DESIGN (TASK 3) 

Tho objoctive of the Preiinunary Design (Task 3) is to develop 
a preliminary design of the hybrid vehicle concept identified as 
most promising from the Design Trade-off Studies (Task 2). This 
design will define vehicle external and internal dimensions, all 
power train components, material selected for body and chassis, 
weight breakdown by major subassemblies, projected production and 
life cycle costs, and all components required to satisfy the ve- 
hicle specifications produced in the conduct of Task 1 and reported 
in General Electric Report No. SRD-79-010. The report contains 
performance projections for individual power train components as 
well as for the total vehicle, measures of energy consumptions, 
and identification of technology development required to achieve 
the design. 

This task has been broken down into the following areas: 

• Simulation Refinement and Update 

• Power Train Preliminary Design 

• Vehicle Preliminary Design 

• Advanced Technology Development Identification 

Much of this work consisted of updating (where required) in- 
formation already available from the Design Trade-Off Studies. 
However, significant new work was carried out in the areas of the 
power train and vehicle design. 

The basic outline of the vt'hicle design concept was already 
known from the results of Task 2. The objective of Task 3 was to 
carry out additional and more detailed packaging and design studies 
of this design concept so as to arrive at power train and vehicle 
layouts which could be used to start the detailed design in Phase II 
Results also include updated calculations of vehicle weight, per- 
formance, energy use, emissions, and initial and operating cost. 
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1.3 REPORT OUTLINE 

This report is written to address all oi the topics listeii in 
Data Reiiuirement Description, Deliverable Item 3 , Preliminary De- 
sign Data Package, in the contract. Mence the report includes the 
following sections: 

• Design Methodology 

• Design Decision Rationale 

0 Vehicle Preliminary Design Summary 
0 Advanced Technology Developments 

Technical details of the various studies undertaken in Task 3 are 
included in a number of Appendices dealing with the following areas 

0 Vehicle Subsystem Preliminary Design 
0 System Control and Microcomputer Design 

0 Battery Switching, Fiela Chopper, and Battery Charger 
Circuits 

0 HYVRC Refinements and Simulation updates 

0 Use of a Continuously Variable Transmission in the 
Power Train 


Section 2 


DESIGN METHODOLOGY 
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Section 2 

DESIGN METHODOLOGY 


The progression of activity in the Near-Term Hybrid Vehicle 
Study (Phase I) is illustrated in Figure 2-1. As indicated in 
the figure. Task 1 (Mission Analysis and Performance Specifica- 
tions) and Task 2 (Design Trade-Off Studies) were conducted such 
that they yielded the inputs needed to perform the preliminary 
design of the Near-Term Hybrid Vehicle (Task 3) . The preliminary 
design activities were based almost completely on the work done 
in Task 1 and Task 2 with the goal being the detailed preliminary 
design of the hybrid vehicle. The specifications and character- 
istics developed are described in Section 9, Guidelines for the 
Preliminary Design Task and Vehicle Performance and Energv-Use 
Characteristics, of the Design Trade-Off Studies Report. U) The 
primary activities undertaken in Task 3 were the following; 

• Full-scale layouts of the power train package, and front 
suspension system 

• Vehicle styling 

• Vehicle handling and crashworthiness simulations. 

• System microprocessor software study 

• Battery switching, field chopper, and battery charger 
circuit design study 

• Refinement of IIYVEC simulation calculations 

The results of the Task 3 activities are summarized in the 
appendices. In addition to the cited studies, further discus- 
sions were held with potential suppliers of the electric motor , 
heat engine, and batteries to ascertain that components having 
the characteristics being used in the Pre.'. Iminar-jf Design Task 
would be available for use in the Near-Term Hybrid Vehicle. 
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Soction 3 

DESIGN DECISION RATIONALE 


The rationale for nK>st of the 
^fnriLra^iliIare^2eu!.oiuJ|t;a^in^th 

:i^Lnrwh?crre?reitSrr-not aiscussed 

unresolved (t»o or more been Lde in 

Trl discussed in the paragraphs that 

follow. 

iiiiiiliiiliiif' 

brid vehicle will be the same as . f the Malibu 

comfort for five adult . „i(,g (gee Figure 4-2) , and 

will be redesigned for improved aerodynamics ^®®® reolaced 

tie power traii and front and -nnrng 

illicei'iii iisl'of^iilding/lXloating ^^^^ybrid jehicle^ith a 
minimal jj^^^®_iQo'"centeLiara^ Near-Term Electric 

iSfcl^fShfci wLe^ssentially from-the^ 

indicated that those parts , mechanisms, etc.) were 

stock malibu (ex. interior, win 4 -he» building of the new 

particularly expensive and troublesome in the buildrng« 

ifcifll;grr?rtpe|«^^^^ 

The °n,,^^k^5iviera and Olds Toronado, has provided 

cars, such as the Buick Riv ^omii r^d in the hybrid vehicle 

some of the mechanical components required in tne ny 

(s'3.e table in Appendix 1.2.2). 

At the completion Of the P-i^n f ade-off 
were still being considered for f ^ ^e^e^ ^ 

components. These components and the options we 

• Heat Engine - fuel-injected, naturally “ 

^i^-T.6 1) or a turbocharged diesel (VW 1.6 1) 
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• Transmission - multi-speed, automatically shifted gear- 
box or a steel-belt, traction drive, continuously vari- 
able transmission (CVT) 

• Torque Combination Unit = single-shaft or power differ- 
ential 

• Batteries - 700 lb lead-acid or 500 lb Ni-Zn 

In all cases it was decided to proceed in the Preliminary Design 
Task with the more readily available and more highly developed 
component and to include the alternative option in the advanced 
technology development category. Hence, the detailed vehicle lay- 
outs were prepared using a fuel-injected gasoline engine (1.6 1); 
a multi-speed, automatically shifted gearbox; a single-shaft 
(fixed speed ratios between input/output shafts) torque combina- 
tion unit; and 700 lb of ISOA lead-acid batteries. Further dis- 
cussions of the use of a turbocharged diesel engine, the steel- 
belt CVT, and Ni-Zn batteries in the hybrid/electric power train 
are included in Section 5, Advanced Technology Developments. The 
power differential torque combination was dropped from further 
consideration, because of the complexity of the control of such a 
unit and the belief that development of the single-shaft unit 
would permit adequate smoothness in power blending from the heat 
engine and electric motor. The advantages of the diesel engine, 
CVT, and Ni-Zn batteries are significant, and they would have 
been included in the design except for the following disadvantages 
for each of them: (1) diesel engine - NOx and unregulated emis- 

sions (smoke and odor) and uncertainty regarding cold start in 
on/off operating mode, (2) steel-belt CVT - uncertainty regarding 
the availability of a unit with desired overall speed ratio and 
torque capability by mid-1981, (3) Ni-Zn batteries - uncertainty 

in performance, cycle life, and cost of cell available by 1981. 

The hybrid vehicle layout is such t’at the advanced-technology 
components could be substituted for their near-term counterparts 
if development progress on the advanced components indicates that 
is advisable. For example, the voltage and energy and power den- 

of the Ni-Zn batteries would be such that they could replace 
the lead-acid batteries with little or no change in the rest of 
the electric drive system. 
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Section 4 

VEHICLE PRELIMINARY DESIGN SUMMARY 


4.1 INTRODUCTION 

in this section, the preliminary design s'" 

Preliininary Dosign Task and repr6sents tn -hho PhA< 5 e II 

“d cSiponLt deligns and KYVEC simulations from which the Phase 

design effort would start. 


4.2 GENERAL LAYOUT AND STYLING 


- 

The following are the general characteristics of the vehicle 
layout and chassis : 

• Curb weight 

1786 kg ( 3930 lb) 


• Body Style 

- Four-door hatchback 
Drag coefficient - -40 
Frontal area - 2.0m^ (21.5 ft^) 

• Chassis/Power Train Arrangement 

Front wheel drive 

- Complete power train, including the batteries, in 
front of firewall 

- Fuel tank under rear seat 

• Baseline ICE Vehicle 

1979 Chevrolet Malibu 

Full-scale drawings of the hybrid vehicle have been prepared^and 
1/5 scale reductions are included with tnis data packag . 
siLunrp^int in preparing the drawings presented was the 1979 
Malibu No changes were made in the seating package. 

SilSiona? cutaway of the hybrid vehicle showing the pl-ement 
of the power train is given 4 - 1 . Note that^tne^co^p 

hybrid power train is located in iron artist's rendering 

intrusion into the passenger compartment An ='ttist J_render^^g^_ 

of the vehicle styling is shown in Figure 4 z. ^ p 

back body type was selected because it maximizes P 

character of the five-passenger vehicle. 
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4.3 POWER TRAIN SPECIFICATIONS AND WEIGHT BREAKDOWN 

4.3.1 POWER TRAIN SPECIFICATIONS 

Full-scale drav/ings of the hybrid power train have been pre- 
pared and 1/5 scale reductions are included with this data pack- 
age. A one-fifth scale dra\ ' ng of the power train is shown in 
Figure 4-3 for purposes of scussion. As indicated in the figure, 
the hybrid vehicle uses f .it-wheel drive with both the heat en- 
gine and electric motor mounted in a transverse orientation above 
the transaxlc. This is clearly a parallel hybrid configuration. 
Clutches are required as shown to permit decoupling the drive 
system from the vehicle drive shaft and operating the heat engine 
and electric motor in combination and separately. Drawings of 
the components used in the transmission, clutch, and controls are 
presented in Figures 4-4a, 4-4b, and 4-4c. 

Specifications for each of the power train components are 
discussed in the following sections. 

4. 3. 1.1 Heat Engine 

The heat engine used in the preliminary design of the hybrid 
vehicle was the Volkswagen fuel-injected 4-cylinder, 1.6 liter 
gasoline engine. This engine, equipped with the Bosch K-Jetronic 
fuel injection system, is used in the VW Rabbit and Audi 4000. The 
K-Jetronic system is often referred to as the CIS (Continuous 
Injection System) and utilizes a mechanical airflow sensor and 
distributing slots to control fuel flow to the engine (see Ref- 
erence 4 for a description of the CIS system). The VW 1.6 liter 
engine can also be equipped with the Bosch L-Jetronic system which 
utilizes solenoid-operated injection valves associated with each 
cylinder. The amount and timing of the fuel injection is controlled 
by a microprocessor which requires inputs from measurements of 
airflow, RPM, engine lemperature , etc. (see Reference 5 for a 
description of the L-Jetronic system). The L-Jetronic system is 
a true electronically controlled fuel injection system and for 
that reason is more compatible with the overall implementation of 
the hybrid vehicle control strategy using a system microprocessor 
as discussed in Appendix ll. Volkswagen does not currently market 
cars using the L-Jetronic fuel injection system. However, dis- 
cussions with VW indicated they are currently fleet testing cars 
using the L-Jetronic system and have done much laboratory testing 
of engines using that system. Hence it is appropriate to use the 
more advanced L-Jetronic system in the hybrid vehicle program. 

As discussed in Reference 1, considerable fuel c<»nsumption and 
emission data were available to characterize the electronically 
fuel-injected (BFI) ♦ 1.6 liter engine. Those data were used in 
the HYVEC simulation studies reported in Referciico 1, The EFI 
1.6 liter engine is rated at 80 hp at 5500 rpm with a maximum 
torque of 84 ft=lb at 3200 rpm. Hence, the engine is sized al- 
most exactly to meet the hybrid vehicle power requirement and is 
an ideal choice for the hybrid applieat-iou. 
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4 . 3 . 1 . 2 Electric Drive System 

The electric drive system in the hybrid vehicle utilizes a 
dc separately excited motor with battery switching and field 
weakening to control motor speed and torque. The system uses a 
nominal voltage of 120 V with peak currents of about 400 A except 
during battery switching when the currents reach 500 A for a few 
seconds. The electric motor has a continuous rating (1-2 hours) 
of 18 kW (24 hp) and a peak rating (1-2 minutes) of 32.? kW. Dis- 
cussions with the GE DC Motor and Generator Department in Erie, 
Pennsylvania, indicate that the dc motor for the hybrid vehicle 
can be developed from a modest redesign of the electric motor used 
in the Near-Term DOE/GE electric car. The resultant motor for 
the hybrid vehicle would be essentially the same size (length and 
diameter) and weight as the one for the DOE/GE electric car, but 
it would be worked harder, with slightly higher currents and flux, 
in the hybrid application. Testing of the original design has in- 
dicated this is possible without significantly reducing the re- 
liability and lifetime of the motor. 

The dc motor is controlled using field weakening and 
battery switching. The battery is arranged in two parallel 
banks so that it can be operated in parallel yielding 60 V 
or in series yielding 120 V. The base speed of the motor is 
1100 rpm at 60 V and 2200 rpm at 120 V. A resistor is used when 
starting the motor and during short periods of battery switch- 
ing. The battery switching circuit is discussed in Appendix III. 
Field weakening is accomplished using a transistorized field 
chopper in essentially the same way as in the DOE/GE electric 
car. 

The motor rating may be summarized as follows: 

Design No. 2366-2913 
Frame 

Name Plate Rating 
Weight 

Rated Voltage 
Rated Current 
Rated Field 
Rated Flux 
Base Speed 
Maximum Speed 

4 , 3 . 1 . 3 Batteries 

The hybrid vehicle is designed to utilize 770 lb of Im- 
proved State-of-the-Art (ISOA) lead-acid batteries. The bat- 
teries are positioned under the hood in front of the firewall 


OD 12 1/4 inches 

24 hp, Peak Power 44 hp (1 minute) 

220 lb 

120 V 

190 A 

8. 2 A 

0.84 Megalines 
2200 rpm 
6000 rpm 
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shown in Fiqure 4-3. The battery container has dimensions 

on the voltaqe-current relationship for a 15-second pulse at 50 o 
“a^e^o^-d^JlL^g^during a C/3 rate discharge. The power char- 
acteristics specifications are the following. 


Current, A 

Volts/Cell 

Volts/Module 

210 

1,82 

10.9 

315 

1.71 

10.3 

420 

1.61 

9.6 


For the maximum current pulse of 420 A, the 

Sf th^hybrid vehicle 

have energy density and power characteristics eleS?ic 

'‘'%hrcJri"LpIc!triAH)''foi°tre hyb?id^ blttery is 

considerably smaller, however, which r®“^“^ppfio|tiSn? 

be designed and fabricated especially for the hybrid applicatio 

4 . 3.1,4 Transmission and Axle Diffe rential 

For front-wheel drive vehicles, the transmission and axle 
differential are usually combined in a single unit termed the 
transaxle. Nevertheless, the speed change °! 

the transmission and axle differential can be 
rately. The transmission is an automatically shifte ‘3. 
taken from a 3- or 4-speed automatic transmission. In the 
sign Trade-Off Studies, (D a 4-spced transmission having an over- 
all gear ratio of 3.46 was used. Such a gearbox P^J^ 

of a^4-speed, overdrive automatic transmission. 

such a transmission in a transaxle unit is not currently g 

marketed by either a U.S. or a foreign auto manufacturer or sup- 
plied It seems likely, however, that such a unit will become 
available in the next year or so as auto manufacturers seek 
improve fuel economy. Three-speed automatic transmission geaj.-- 
Zirdavd a gear rLio of 2.5 - 2.85. HVVBC calculations have 
indicated that the use of smaller gear ratios (2.85 vs. 
results in a 5'i reduction in urban fuel economy and a 1.0 i...cond 
increase in O-lOO km/hr acceleration 

transaxle gearL-v with overdrive becomes available, it will L 

u« 5 ed. An axle ratio of 3,3 has been used in most of the 
calculations. That value seems compatible with maximum motor a 
engine speeds of 6000 rpm and yields good fuel economy in both 
urban and highway driving. 
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4 . 3 . 1 . 5 To rque Combination 


The outputs of the heot engine and a?e°fixed 

bined using the single-shaft approach whxch there are 
ratios between the rotational speeds of the heat engine, 
mcto? and vehicle drive ehaft. HVVEC simulation studies have shown 
that the heat engine and electric motor can he operated near opti 
mum of^^icienc'’ bv varying the power split in the neighborhood o ^ 
50« This can be done usinq the system microprocessor and avoids -he 
need '->« I power diff eren tic 1 which would vary the shaft speed ratios 
a ruL^'^iorof disired power split between the heat engine and 
mctorT Tne power differential is much more difficult to control 
than the single-shaft (fixed t-teed ratio; arrangement for torque 

conbinatior . 


4 , 3 . 1 6 CoTi V. rol Strategy and t. o System Micro processor 


A detailed control strategy ior operating the he^t engine 
and electric motor has been developed. The Key featur 
control strategy are; 


€> On/off engine operation 
4> Kegv^nexative braking 

•» Electric motor idling whan vehicle is an rest 


Siectric drive system primary (battery state-o^^ 
permitting) when vehicle speed is less ohan VMODE. 


Equal snaring of load between motor and engine when 
both are needed 


Batteries recharged by beat engine in narrow state-of- 


charge ranvje ( 


0.7 < S < vT.8) 


Siectric motor do'minant in determining shifting logic 
when it is opf^^rating 


Heat engine piimary for highway dri ring 


Electric mctor always used to initiate vehicle motion 
from rest and in law-speed maneuvers (e.g., parKingj 


Vehicle ctperation controlled by a system microprocessor 


As '^'i 3 cus^ved in Appendix III, considerable work has been done to 
develop the microprocessor control, logic (software) 
to the cont.ro 1 strategy used ixi the KYVEC simulations. The gen- 
eral approach taken is to develop a system . 

ceives inputs f.rom the microprocessors governing the 
and electric motor and in turn .nends cort.rol signals to those 
prime movers. Some aspects of tho> microprocessor hardware are 
discussed in Appendix III. 


4,3.2 VEHICLE WEIG HT AND WEIGHT Ba EAKpOViN 


weight breakdown for the GE hybrid vehicle is given in 
Table 4-1- The V'/eigbts shown in the table are based on the in 
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formation given in Section 6 of Reference 1 adjusted to reflect 
more refined pov;er train weight inputs developed during the Pre- 
liminary Design Task. A vehicle curb weight of 3928 lb is pro- 
jected leading to an inertia test weight of 4228. This is 228 lb 
greater than the 4000 lb used in the HYVEC calculations given in 
the Design Trade-Off Study Report. (1) As discussed in Appendix V, 
the hybrid vehicle simulations have been rerun using HYVEC to in- 
clude the effects of the increased vehicle weight and other 
changes in power train component characteristics made during the 
Preliminary Design Task. The updated HYVEC results are used in 
the discussions of vehicle characteristics presented in subsequent 
sections. 


Table 4-1 

WEIGHT ANALYSIS - MALIBU BASED HYBRID 


Chassis/Running gear 
Structure 
Bumpers 
Suspension 
Wheels and tires 
Brakes 

Exterior/Interior/Control 

Seats 

Skins 

Human factor and control 
Air conditioner 

power Train 

Gasoline engine (VW 1.6fi,) 

Fuel system (incl. 10 gal. gasoline) 

Transaxle 

Electric motor 

Power electronics and controller 
Lead-acid batteries 


Weight (lb) 
806 
164 
230 
254 
128 

Sub-Total 1582 

104 

153 

484 

113 

Sub-Total 854 

284 

78 

90 

220 

50 

770 


Total curb weight 


Sub-Total 


1492 

3928 lb 
(1785 kg) 
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4.4 VEHICLE PERFORMANCE 


^ format for presentin'^ and discussing the performance spec- 
ifications of the hybrid vehicle and how well tne preliminary de- 
siqn me'^ts or exceeds the minimum specif leaticns is set forth in 
lihibit'l of the RFP for the orogram. That format will be followed 
fflhls Ld s^.LquLt sections of .:nis retort, but (cr convenrenoe 
of discussion the complete i.isr. <Pl to ^ 

several parts. tn this subsection, items Pi tu 1 9 .rt ^.onsic.„re . 
The^ritems deal directly wit.h vehicle performance, operation 
and ro<"t unde*- noimal (or routine) operating conditions /nd ha/e 
hSfn studied in clletail in the Phase I effort. Some 

of the other items in Exhibit I refer more to “on- routine operate 
such as cold weather conditions, ana hare not beer, ouudiac. ... 
great detail. 


Vehicle performance characteristics of 

tiJoect- ^tve nvbrid veh.icle designed raeets or exceeds the min- 
!rurrequi«;LnU 9lven in the ».FP. Thie includes requxre- 

ments Rl through R€ and constraints Cl through C , • 
given in Table 4-2 were taken from the updated HYVEc -aicaii 

tion given in .ft,pp'endix V. 


4.5 BATTERY CHARGING AND COLO/HOT WEATHER OPEKA'J ION 


As discussed in Appendix IV, battery charge.* circuits es- 
pecially tailored to the needs of the hybrid vehicle were designee. 

T« r>;qr-t i rular the use of battery switch.\ng pt;rm.\c\:.ed efficient 
In partic , oof' v s^^i^vioes with the batteries 

L:fidrrnbiratte„t.o„ was 

battery charg.'nq i.rtbs DOE/GE Electric Car Program., Phase li, 
i;.d much of thai worfi-s directly applicable to the '‘-'brrd appli- 
cation. For lead-acid batteries the charging vo a. t age should 
limited to abo’it 2.5 V/celi for rovitine charging in ortei to attc 
loni battery life. As shown in Figure 4-5, taken from Reference u, 
the voltage restriction limlt.s the charging current to relatively 
low values. The maximum o.harging current .'.s i u. ia ' v.-- 

cell caoacity (.^iH) and thus would be much lower ..or .he hibrui . 

Slfle baf eries than for the electric vehicle batteriou, which have 
larger capacity cells. Kence, even though the 

tprv stores less energy (ex. 12, 5 kV'lh cs compared to .18-20 KWh ..or 

the elect!-. ic vehicle) , its charging time will 

same as that for the electric vehic.e ba -tery - that is, - 

using either a constant voltage or a stepoed-current 

scheme. (6' Faster charging is possible, but it ^ 

have an adverse effect on battery life unless careful atten..yi 

it given to heating effects. The charging ba veries 

problems with unequal currents in the ‘?^,“«y^‘>thaj' m.arnorbl 

series charg.ing would require a &.20 V .v. c. , 
available at all locations. 
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Table 4-2 

VEHICLE PERFORMANCE CHARACTERISTICS 


V 1 Mi nimum Noru ol uoj^qcl R ang o 

Pl.l FHDC (Garjolino “ 10 qaJ, tank) 

PI . FUDG 

PI. 3 J2;na(P) (al 1 -’Olect: r ic oporration) 

l » 2 C r u i K o Spo cci 

^ ^ Dp cod 

P3.1 Maximum Spood 

Pi. 2 Lenqth of Time Maximum Speed Can 
Be Maintained on Level Road 

P4 Acce lerations 

P4.1 0-50 km/h (0-30 mph ) 

P4.2 0-90 km/h (0-56 mph) 

P4.3 40-90 km/h (25-56 mph) 

P5 Gradability 

Grade Spee d 

P5.1 3'^. 100 km/ 

P5.2 51 95 km/ 

P5.3 81. 80 km/ 

P5.4 151 40 km/! 

P5.5 Maximum Grade , 25% 

P6 Payload Capacity (including passengers) 
P7 Cargo Capacity 

P 8 Consumer Cost s 

P8.1 Consumer Purchase Price (1978 $) 
P8.2 Consumer Life Cycle Cost (1978 $) 

P9 Emissions - Federal Test Procedure ^ (G 
P9 , 1 Hydrocarbons (HC) 

P9.2 Carbon Monoxide (CO) 

P9.3 Nitrogen Oxides (NOj.) 


5 50 

120 km, 

80 km^^) 

130 km/h 

150 km/h 
1 min 


5.0 s 
12.6 s 
8.6 s 


4 00 km 


(Gasoline Engine) 


(15.0) 

( 12 . 0 ) 


Grade 

Speed 

(90) 

Distance 

31 

100 km/h 

(Unlimited) 

51 

95 km/h 

(50) 

(Unlimited) 

81 

80 km/h 

(Unlimited) 

151 

40 km/h 

(26) 

(Unlimited) 

, 25% 





535 kg 
0.5 m^ 

$7600 

0.11 $/km 

0.09 gm/km, 0.13 gm/km 
0.62 gm/km, 0.79 gm/km 
0.48 gm/km, 0.57 gm/km 


(a) Range at which the 10 gallon tank is empty. 

(b) Range av. which the battery is first recharged by the heat engine, 

(c) uPL minimum specifications. 

(dl The first number corresponds to first 50 km, second to 120 km. 

(e) On heat engine alone. 
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Figure 4-5. Voltage and Current Profile During Constant-Voltage, 

20 A Current-Limited Charge of a Golf-Cart Battery 
at 80 “F (Prior Discharge - 80 % at 3 h Rate) 

Now consider the cold/hot weather operation of the hybrid ve- 
hicle and in particular the effect of ambient temperature on the 
batteries. It is well known that the internal resistance increases 
and the AH capacity decreases (see Figure 4-6) significantly as the 
temperature of the battery is decreased. These effects adversely 
influence both the electric range and peak power of the hybrid 
vehicle. Operation at high ambient temperatures (greater than 
110 °F) can adversely affect the life of both the battery and the 
motor unless adequate ventilation is provided. Studies of bat- 
tery insulation and warm-up at low ambient temperatures (down to 
-20 “F) and battery cooling at high ambient temperatures were 
performed as part of the DOE/GE Near-Term Electric Vehicle Pro- 
gram. (7) Those studies indicated that for cold storage at -20°F, 
it takes about five days for the battery temperature to reach 
the ambient value. The battery temperatures for shorter storage 
periods are tabulated below. 


Period of storage Battery 

at -20®F(hrs) Temperature (F) 
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Figure 4-6. Effect of Temperature on Capacity of an EV Battery 

If a 30% reduction in battery capacity (AH) may occur without 
significantly ‘Effecting vehicle performance, the battery temper- 
ature should be maintained at or above 25°F during operation of 
the vehicle- If the temperature falls below 25 °F during a cold- 
soak period, it would be desirable to heat the battery. Transfer 
of heat from the outside to the inside of the batteries is equally 
as slow as the cooling process (see the above table) . Hence, 
increasing battery temperature solely by external heating has 
been found to be unattractive. (7) it may be possible to warm up 
the lead-acid batteries by the so-called "boot-strapping" approach 
which is used successfully by the General Electric Battery Business 
Department for Ni-Cd aircraft engine starting batteries. The 
boot-strapping approach involves initially self-discharging the 
battery and using the internal losses, which are high when the 
battery is cold, to heat it. After the battery is warmed up 
somewhat, the discharge is continued using an external heating 
tape to control discharge currents. For the hybrid application, 
the heat needed to raise the temperature of the battery from 0°F 
to 25°F is only about 1 kWh, but distributing that energy through- 
out the battery pack in 10 minutes could prove to be difficult 
even when the battery is cold. This problem has not been studied 
to date for lead-acid batteries, but boot-strapping could prove 
to be a means of attaining good performance after the vehicle has 
soaked at low ambient temperatures for several days. The hybrid 
vehicle could be operated at reduced performance on the heat en- 
gine alone even after prolonged inactivity at temperatures of 
-20°C and lower. 
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Initial estimates of battery 

(Pll P12) anJ ccld/hot temperature operatron (PlO, Pl3) are gi/cn 
in Table 4-3- Considerable work is needed in Phase II to 
the estimates given in the table, especially in tne area ot bat- 
tery Lrm- up after long soak periods at sub-zero temperatures. 


Table 4-3 

VEHICLE PERFOPiMANCE CHARACTERISTICS 
PlC Ambient Temperature Capability 

Temperature range over which minimum 
performance reguirements can be met. 

-20‘^C to 40'*C 


Pi) Rechargeability 

Maximum time to recharge from 80% 
depth-of-discharge (routine charge 
to 96% capacity) . 


Pl2 Required Maintenance (Battery) 

Routine maintenance required per 
month . 

Watering (1 or less, depending 
on use) . 

Equalization charge (2-4, de- 
pending on use). 

Pl3 Unserviced Storability 

Unserviced storage over ambient 
temperature range of -30°C to 
+ 50*»C 

P13.1 Duration 

P13.2 Warm-up time required 

Battery heading (-20®F) 
Engine starting 


15 min/ea. 
12-15 hr/ea. 


t 5 days 


10-15 min. 
30 sec. 
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4.6 MEASURES OF ENERGY CONSUMPTION 

The energy use of the hybrid vehicle on the various driving 
cycles has been calculated using the HYVEC simulation program. 

The updated results are given in Figures 4-7 and 4-8. Additional 
energy-use results are given in Appendix V. 

A format for summarizing the measures of energy consumption 
of the hybrid vehicle is given in Exhibit I of the RFP. Values 
for the various energy- use measures (El through E8) are given in 
Table 4-4. No values are given for E9, life cycle energy con- 
sumption per vehicle compared to the Reference ICE Vehicle, because 
information was not available concerning the energy required to 
fabricate and to dispose of the hybrid vehicle. Such information 
was not needed in the Design Trade-Off Studies and, thus, was not 
in hand at this stage of the hybrid vehicle study. Since the hy- 
brid vehicle is about 1000 lb heavier than the Reference ICE 
Vehicle, it is reasonable to assume that the energy needed to 
fabricate the hybrid vehicle would be higher, but the net differ- 
ence in fcibrication energy would depend on the recycle pattern of 
those components which cause the weight difference between the 
vehicles. For example, much of the lead in the batteries and 
copper in the electric motor would be recycled with a significant 
favoreible effect on the life cycle energy consumption of the hy- 
brid vehicle. The material used to fabricate the exterior shell 
(doors, fenders, hood, etc.) of the vehicles will also have a 
strong influence on life cycle energy use. Life cycle energy use, 
including fabrication and disposal, will be considered in material 
selection in Phase II, but to date that siabject has received only 
minimal attention. 

4.7 INITIAL COST AND OWNERSHIP COST 

The initial cost of the hybrid vehicle has been calculated 
using the same methodology used in References 1 and 3. A cost 
breakdown is shown in Table 4-5. The hybrid vehicle selling price 
is estxmated to be $7667 compared with $5700 for the Reference 
ICE vehicle. The difference in power train costs is $1562. Both 
the vehicle selling price and the power train cost difference are 
somewhat higher than given in References 1 and 3. These dif- 
ferences are due primarily to the more detailed information that 
is now available concerning the size and cost of the power train 
conponents. 

The ownership cost of the hybrid vehicle has also been cal- 
culated using the same methodology used in Reference 1. Results 
obtained in the references were corrected to account for the change 
in selling price of the hybrid vehicle. This was done by calcu- 
lating the fixed capital recovery factor (FCRS) and applying it 
to the initial price difference. The change in ownership cost 
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was .63«/mi for the nominal set of economic factors. The owner- 
ship costs for the hybrid vehicle are shown in Figure -,-9 as a 
function of the price of gasoline. A breakeven price of gasoline 
of about $ 1/gal is indicated in the figure. At gas orices in ex- 
cess of $l/gal, the hybrid vehicle has a lower ownership cost, 
resulting in the net annual savings shown in Figure 4-10. The 
sensitivity of the ownership costs to changes in the use pattern 
and the price of electricity are discussed in detail in Refer- 
ence 3. 

4.8 MAINTENANCE AND RELIABILITY 

Maintenance of the hybrid vehicle entails attention to the 
same items as maintenance of the Reference ICE vehicle. I" ad- 
dition, the electric drive system of the hybrid vehicle must also 
be maintained. Considerable thought has been jjven to the ^inte- 
nance of the electric drive system as part of the DOE/GE Near 
term Electric Vehicle Program. Table 4-6, taken from the Opera- 
tion and Maintenance Manual prepared for the DOE/GE Electric 
lists maintenance actions and frequency for the 

Most of those items would also be required for the hybrid vehicle. 
Routine maintenance and tune-ups for the heat engine should e 
less frequent for the hybrid vehicle, because the engine would be 
used only a fraction of the driving time (i.e. , it would take 
longer in calendar time to accumulate a fixed number of equivalent 
miles or operating hours). The engine oil and coolant would _ 

to be selected such that they could function longer between changes 
One would expect that the brakes on the hybrid vehicle would last 
more vehicle miles than the brakes on the Reference ICE Vehicle 
because regenerative braking supplies much of the stopping torque 
in stop-and-go urban driving. After the electric motor and elec- 
tronics are fully developed and road tested for millions of miles, 
it is reasonable to expect that they will have long life and a 
minimum of routine maintenance. The batteries will, of course, 
require continuing attention if they are to have a long life, but 
most of that maintenance can be done by the car owner if the 
battery charging (including equalization charging) and watering 
systems are well designed. 

In the calculations of ownership cost it was assumed that 
paid-for maintenance of the hybrid vehicle would be 25% less 
than for the Reference ICE Vehicle after the hybrid power train is 
well developed and road-tested. This assumption is primarily 
based on the less frequent need for engine maintenance/tune-ups 
and the expectancy that the electric rootor/electronics are rel- 
atively maintenance free. It was also assumed that with proper 
design of the non-propulsion components,* the effcct.xve lifetime 
(miles or years) of the hybrid vehicle could be extended beyond 
that of the Reference ICE vehicle because of the expected longer 
calendar life of the heat engine and the longevity of the electric 
drive components. A hybrid vehicle life of 12 years or 120, OCO 
miles was used in the cost calculations. It would, of course, 
be necessary to replace the battery pack several times during the 
hybrid vehicle lifetime, but that cost is included .separate from 
the routine or repair maintenance costs. 

*Additional chassis and running gear cost (5%) has been included 
Cor the hybrid vehicle. 
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Table 4-6 


FOR DOE/GE NEAR-TERM ELECTRIC VEHICLE 

Maintenance Action Frequency 


MAINTENANCE 
Maintenance Item 

Propulsion Batteries 


Flame Arresters 
Watering Tubing 

AC Power Cord 
108 Volt DC System 

Ground-Fault Current 
Interrupter 

High-Amperage Heavy 
Cabling 

Drive Motor Brushes , 
Commutator Cleanli- 
ness 

Drive Motor Brushes 


Perform Watering 
Procedure 

Check Operation of 
Watering/Vent Valves 

Check Watering/ 
Venting Tubing for 
Evidence of Cracks, 
Pinching, Looseness 
on Fitting 

Perform Equalization 
Procedure 

Drop Battery Tray 
and Clean Battery 
Tray of Debris 

Check Specific 
Grc vities or 
Open=Circuit Volt- 
age 

Inspect and Clean 

Replace Flame 
Arresters 

Inspect and Move or 
Replace Flattened 
Section of Off-Board 
Watering Tubing 

Inspect for Frayed 
or Broken Wires 

Validate Isolation 
of 108 Volt dc 
System from Chassis 

Check Normal Trip 
Mechanism via Test 
Button 

Inspect Cable from 
Battery to QD Switch 
to PCU and Motor 

Inspect 


Replace 


Every 2 Months 

Every 2 Months 

Every 6 Months and when 
battery compartment 
removed from vehicle 

Once every 7 Normal 
Charges 

Ev'ery 6 Months 
Every 6 Months 

Every 6 Months 
Every 2 Years 

Every 12 Months 

Every 6 Months 
Every 2 Months 

Every 6 Months 

Every 6 Months 

Every 6 Months 

Every 2 Years 
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The reliability of the hybrid /ehicle should he yreater than 
ti ah ov the Reference ICE Vehicle, oeoause the hybrid vehicle has 
two, rather than one, drive systems. Both systems would have to 
be rnoperable for the vehicle to be s'-randed or totally unusable. 
The hybrid power tram is designed suc)> that tne vehicre can oper- 
ate on eitner of the drive systems alone, but at reduced perfor- 
mance . 

It is difficult to assess quantitatively the vehicle raainte- 
nance and reliability factors (P14 through Pl6) in Exhibit 1 of 
the RFP. If the probability of a failure for each of the corapo- 
nents in the power train is approximately the same, then it aiould 
be expected that system failures with the hybrid vehicle would be 
significantly more frequent than those with the Reference ICE 
Vehicle. Clearly, this cannot be permitted to be the case, or 
the hybrid vehicle could not be marketed in competition with the 
ICE vehicle. Hence a design goal for the hybrid vehicle (fully 
developed and tested) must be to maintain power train and vehicle 
failures to the same or lower frequency than that for the con- 
ventional ICE vehicle. Engine failures would be expected to be 
less frequent with the hybrid vehicle, because the engine is used 
less of the time. In addition, suitably designed electrical/elec- 
tronic components have less frequent failures than mechanical com- 
ponents. Friction brake failures for the hybrid vehicle would be 
less fi.equent than for the conventional vehicle because the fric- 
tion brakes are used less. Major repair of the electric drive 
system is expected to require less time than that of the engine, 
because the electrical components are smaller and lighter and it 
is feasible to replace the faulty component with a new or rebuilt 
one as is done with alternators, starter motors, and electronic 
ignition systems in conventional vehicles. In addition, it seems 
less difficult to engineer self-diagnostic capability into the 
electric drive system than into the engine system. Hence, it 
appears reasonable that repair of the electric drive system will 
tske less time and exhibit less variability from case to case 
than repair of the conventional vehicle. It is, of course, as- 
sumed that the power train is assembled such that suitable access 
is provided to the electric drive components and electronics. 

The factors P14 through P16 are estimated qualitatively in 
Table 4-7 in relation to the Reference ICE Vehicle only after 
the hybrid vehicle is well-developed and road-tested. Hence, the 
main tenance/reliabili ty factors are intended only as long-term 
design goals of any hybrid vehicle development program. 

4.9 MARKET PENETRATION 

In order for hybrid vehicles to have a significant impact on 
petroleum usage, they must be attractive to a relatively large 
fraction of potential new car buyers. As indicated in Table 4-8, 
a recent survey of new car buyers by Newsweek (8) shows that most 
cars are used to perform a number of missions and, thus, require 
all-purpose utility. Data is also available from the Newsweek 
survey regarding annual miles traveled by new cars in households 
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having one to three care. That 

to meet a large excess oi 10,000 miles per year, 

design must be sux table for . intended for all- 

The hybrid vehicle desxgned x „ itivity study (3) is equally 
purpose use and as shown rn patterns (i.e., 

attractive economxcally driv’nq in urban areas, etc.), 

annual miles drxven, , design discussed in this report 

in particular, the ^ybrxd vehxcle desxgn dx.^ ^ reasonably large 

would be attractxve to new se utility, and who 

(5-6 passenger iniles anLally. The hybrid vehicle 

^d^s?g^^d^?rti5!s^rturi^s;ui 

fo^n^irahlf « -ats or toilers. 

The various studies completed on ”®^p'nj™atio“o/the°^* 

^?s?^d^riclf rouirnftT^^^^ r-- — - - 

large car classes (5-6 passenger capacity). 


Tab le 4-8 

PERCENTAGE USAGE OF NEW CARS PURCHASED IN 1977 

Large Carsd) Small_CM^^ 


M T Cl C! 1 fin 

Principal 
Use (3) 

Average 
Use (4 ) 

Principle 

Use 

Average 

Use 

rix o o X wii 

Commuting 

38.9 

31. 7 

57.4 

41.6 

Pleasure trips 

15.7 

21. 2 

8.7 

17.3 

Local Transportation 

33. 3 

27.9 

20.4 

22.7 

Business and School 

12.0 

19-2 

13.5 

18.4 


(1) 5-6 passengers 

is! L?cirt"aS"f°owilrI for which this mission was dominant 
‘(4) P««ntJge of time car used for this mission 
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Section S 

ADVANCED TECHNOLOGY DEVELOPMENTS 


5.1 INTRODUCTION 

The detailed preliminary design of the hybrid vehicle was per- 
formed using a gasoline engine, lead-acid batteries, and an auto= 

obtained in the near-term 
(mid-1981) with minimum uncertainty and technology risk. The hy- 
brid vehicle which was designed meets or exceeds all the minimum 
vehicle specifications, but an even more attractive hybrid vehicle 
could be designed using one or more advanced technology components. 
These components include a turbocharged diesel engine, Ni-Zn bat- 
teries, and a steel belt continuously variable transmission (CVT) 
as Identified in Section 3. The potential role of each of the ad- 
vanced power train components is discussed in the following sub- 
sections, ^ 

5.2 TURBOCHARGED DIESEL ENGINE 

HYVEC simulations have shown that a hybrid vehicle utiliz- 
ing a diesel engine would have about 25% better fuel economy than 
a similar vehicle using a gasoline engine. This comparison in 
fuel economy is shown in Figure 5-1. There is, however, consider- 
able uncertainty regarding the ability of the diesel-powered hybrid 



Figure 5-1. Effect of Heat Engine 
Type on Average Fuel 
Economy 
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vehicle to meet potential EPA NOj^ and particulate omission stan- 
dards and to be used in the on/otl engine operating mode which 
would require very fast starts under a range of engine tempera- 
ture conditions. Resolution of these uncertainties requires action 
by EPA and additional tost data for engine operating conditions 
peculiar to the hybrid application. The tost data could be ob- 
tained in the early stages of the Phase II effort. The timing 
of EPA decisions on the diesel emissions is more difficult to 
predict. 

5.3 NI-ZN BATTERIES 

The use of 500 lb of Ni-Zn batteries in place of the 700 lb 
of lead-acid batteries was studied in the Design Trade-Off Studies 
(Ref. 1). A hybrid vehicle using the Ni-Zn batteries would weigh 
about 400 lb less than one using the lead-acid batteries, and as 
shown in Figure 5-2, would have better fuel economy for daily 
ranges greater than 30 miles. There has been relatively little 
operating experience to date with Ni-Zn batteries in electric 
vehicles, and there is considerable uncertainty regarding their 
performance, cycle life, and cost. Ni-Zn cells and batteries are 
currently being developed for electric vehicles, but those cells 
are much larger than would be needed for the hybrid application 
(e.g. , 250 AH compared with 115 AH). Thus, new cells would have 
to be designed and fabricated for evaluation in the Phase II hy- 
brid vehicle program. Discussions with Energy Research Corpora- 
tion (ERC) indicated that this development could use essentially 
the same plate/cell technology as used in the ongoing DOE Ni-Zn 
battery programs. The characteristics (voltage and power) of the 
Ni-Zn batteries would be such that they could be used in place of 
the lead-acid batteries with a minimum change in the electric 
drive system and battery charger. 



Figure 5-2. Effect of Battery Type 
on Average Fuel Economy 
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cell aaa battery data provided to GE thf 

Ni-Zn batteries could be energy density ot about 27 ^/Ib 

hybrid vehicle suitable for high-current, pulsed dxs- 

and power characterxst r^rooD However, these high expec- 

charge with tolerable ™J;‘“g^ably^when the dissappointing recent 
tations were tendered delivered by EEC were dis- 

test results for a Hi-Zn h«=<-ween Energy Research Corpora- 

covered. Subsequent that ERC considered those 

tion and General Electric and that the Ni-Zn battery data 

battery pack tests to ve of present technology. Further 

rifri^tcfti:rorrhe'l!rcrer-ci''L°4L the two test results rs 
needed. ^ 

The hybrid vehicle simulation ^^sults^given 
are based on the cell data ^ in practice. General 

dependent on ISJ for consideration in the 

^ifp-rcsri^ta^^rt-b 

!gw® ^hri^tracUvenSL^rsuch batteries from a vehicle 
pLfir;ance- point of view is clearly evident. 

5.4 STEEL BELT CVT 

The use of a CVT in the hybrid power train would be a va 
geous for several reasons; 

• retauirtn^irnnrtritrLromtt?c=^girrS^^^^^^^^ 

• ~ s". 

sneed and power conditions. 

. Te Lrall control logic (controller software, would be 
simpler • 

4 -v, nvv’^C calculations were made using a 
As discussed in '• *"qiv,e results indicated that accel- 

CVT in the hybrid power trai ' especially for urban driving 

eration performance and i^4 electric range of the ve- 

for distances l«^?s than the eff - ^ automatic 

hide, were significantly bett The fuel economy results 

gsarbix of the same overall speed ratio, 
are summarized in Figure j-3. 

discussions wore held with^^^^^^ 

availability of a stccl-bclt a CVT in a Ford Fiesta, 

vehicle. Borg-Warner is curr y ^^^j-ner's current plans 

but GE was told by Borg-Warn ,qor -availability date. In addi- 

for marketing a CVT being tested in the Fiesta 

tion, the torque capability of the uiiit ^ the hy- 

was only 100 £t-lb and It was concluded that 

hrid application would be required. 
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distance TRAVELED URBAN imO 


Hybrid vehicle Fuel Economy Using 
Steel Belt Continuously Variable 


even though a CVT has signi 
train, it was not possible 
Hybrid Vehicle Program. 


ficant advantages 
to consider it for 


in the hybrid power 
use in the Near-Term 



Section 6 
REFERENCES 


6ENERAL>^EIECTRIC 


Section 6 
REFERENCES 


1. Desiqn Trade-Off S tudios Report, Near-Term Hybrid Vehicle 
Program; Contract Mo. 935190; General Electric Company 
Report SRD-79-075, June 8, 1979 

2. Mission Analysis and Performance Specification Studies Report , 
Near-Term Hybrid Vehicle Frogram; Contract No. 955190; General 
Electric Company Report SRD-79-010, February 6, 1979. 

3. Sensitivity Analysis Report, Near-Term Hybrid Vehicle Program ; 
Contract No. 955190, General Electric Company Report SRD-79-093, 
June 8, 19 79 

4 . Technical Instruction/ Fuel Injection^ Continuous In 3 ection 
System (CIS) ; Robert Bosch Girbh, Stuttgart, Federal Republic 
of Germany, Publication No. VDT-VBP 741/lB, 1974. 

5. Technical Instruction, Electronically Controlled Fuel Injec- 
tion; Robert Bosch Gmbh, Stuttgart, Federal Republic of 
Germany, Publication No. VDT-VBP 751/lB. 

6 . Near-Ter m Electric Vehicle, Phase II, Mid-Term Summary Repor t; 
Contract No. E4-76-C-03-1294, General Electric Company, 

July 1, 1978. 

7. Electric Car Design, Interim Summary Report, Phase I “De- 
liverable Item 9, Contract No. E4-76-03-0294, 3RD-77-078, 
General Electric Company, May 9, 1977. 

8. The Study of American Markets - Automotive, U.S. News and 
World Report , 1977. 



6ENERAL«^ELECTRIC 


Appendix I 

DETAILED VEHICLE DESIGN 


1.1 DESIGN METHODOLOGY 

function and deslgrale not n°i! 

propulsion system. This philosophy^will 

pended in solving the hybrid vehicle relalS^ I! effort ex- 

mize the total cost of the Ph;iQ<a tt problems, and mini- 

utilize as many appropriate c,4.=nr? It was decided to 

possible in the Preliminary ' design ranr^in°fac? 
many components from the Chevrolet Malihn employ as 

as practical in order to -in\^L^re”^Ji^roirfarurio^Se''fus^?o^:i., 

I O A I ■ . 


1.2 GENERAL HYBRID VEHICLE SPECIFICATIONS 


mined in the Preliminary'^Design Tfsk^^are^difc^^^d^^ ' as deter- 
Appendix. The drawings presented at Vhf ‘^^®<=^ssed in this 
represent graphic ill^trati^Sn^^^We^llern?! c^S^siSjSf^^ 

of the vehicle^will^be'^presented'^S^th^^^^S^^ hybrid nature 

should be noted ^hat^^rra^e c^ 

load carrying capabili?r etc L.f ^ ^ a"® regarding function, 

tion. Maximum eiJo^t was mad^ 

presently available from ain-omoti components which are 

suppliers. automotive manufacturers or their 


ficatioriSp?)"g;oSps"wSi"ch"frr Classi- 
motive manufacturers The utilized by major auto- 
Motors. c^nrero. The system utilized is that of General 


1 . 2.1 


general vehicle description 


the hybrid^vehicle as ^outlined in^th"^n layout drawings of 
Report. (1) The d?ivJ hlllTr-t Trade-Off Studies 

shown in the phantom kews. a' three-diLnsional clearly 


The following is 
subsystems ; 


a general description of the vehicle and 


its 


( 1 ) 


Body Confi guration - 5 
with the 1979 Chevrolet 


passenger 

Malibu, 


(2 front, 3 rear) - identical 
4~door hatchback sedan. 
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(2) Structural Configuration - Body frame integral with resil- 
iontly mounted front sub-frame. 

Front Suspension - Independent short and long arm (SLA) with 
torsion bars. 

(4) Rear Suspension - Linkage controlled solid axle. 

(5) Brakes - Hydraulically power-assisted front disc and rear 
drum brakes with proportioning and diagonal split. 

(6a) Engine - 4-cylinder, 1.6 liter gasoline with electronic fuel 
injection . 

(6b) Electric Motor - Shunt-wound dc motor with separately con- 
trolled field and soft-start armature control. 

(7) Transmission, Clutch and Controls - Three-speed, automatically 
shifted microprocessor controlled transmission driven through 
toggling dry friction clutches from transversely mounted en- 
gine and electric motor. Concentric differential drives 
through half-axle shafts to front wheels (see Figures I- 3a, 
I-3b, and I-3c) . 

(8a) Fuel System - Ten gallon sealed fuel tank mounted under 

rear seat with vacuum relief fuel cap and charcoal canister 
for vapor absorption and storage. 

(8b) Exhaust System - Centrally routed exhaust system with 3-way 
catalyst. Muffler mounted longitudinally in rear. 

(9) Steering System - Closed center hydraulically assisted rack 
and pinion steering system. 

(10) Wheels and Tires - Steel 15-inch wheels with radial tires. 
Spare rear-mounted . 

(11) Front End Sheet Metal - Re-styled components with fiberglass 
reinforced outer fender panels and steel inner reinforcements. 

(12) Electrical System - 60/120 volt lead-acid battery mounted for- 
ward of the cowl in an enclosed, lined container. Blower ven- 
tilated. 12 volt accessory electrical system with alternator. 

(13) Engine Cooling - Front mounted water radiator with electric 
fan. 

(14) Bumpers - Body-colored, steel-face bars with hydraulic energy 
absorbers and buirperettes . 

(15) Accessories 

(a) Heater/Ventilator/Air Conditioning package consisting 
of a cycling clutch vapor compression air conditioning 
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system, and a hot water heater 
burner (see Figures I-4a and I* 

augmented by a gasoline 
-4b) . 

(b) 

Radio 


(c) 

Power Windows 


(d) 

Power Bucket Seats 



1.2.2 DETAILED COMPONENT SPECIFICATION 

Specific components which have been employed in the prelimi- 
nary design are discussed in this section. A brief description is 
presented when custom fabricated components are utilized/required. 


UPC** NAME 

DESCRIPTION 

1 BODY 



lAlA 

Underbody 

New fabricated unit structures employing 
high strength steel members 

lAlB 

Front Hood 

New styling. Steel construction. 

lAlC 

Rear Lid 

New styling. Hatch with tempered 
glass and steel frame 

lAlD 

Front Fenders 

New styling. Fiberglass outer and 
steel inner panels. 

lAlE 

Rear Quarters 

New styling. Fiberglass construction. 

lAlF 

Doors 

1979 Malibu 

lAlG 

Roof & Pillars 

1979 Malibu 

lAlH 

Glazing 

1979 Malibu 

lAlJ 

Front Seats 

1979 Malibu 

lAlS 

Rear Seat 

1980 Citation (modified) 

1A2A 

Floor & Sill 

New. Steel fabrication. 

1A2B 

Instrument Panel 

1979 Malibu except instrumentation 

1A2D 

Windshield Wiper 
& Washer 

1979 Malibu re-located 

1A2E 

Miscellaneous 
Body Hardware 

1979 Malibu 

1A2F 

Exterj-or Body 

New styling. 


Ornamentation 


**General Motors Unified Parts Classification 
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OPC 

NAME 

DESCRIPTION 

1A2H 

HVAC 

* 


Heater Core 

1979 Chevette 


Evaporator 

1979 Chevette 


Gasoline Heater 

Vespak 


Condensor 

1979 Chevette 


Compressor 

GM Rotary Piston 


HVAC Control 

.1979 Malibu (modified) 

1A2R 

Restraint System 

1979 VW Rabbit 

2 

FRAME 

New front subframe 

3 

FRONT SJSPEN3I0N 

1979 GM "E" Body complete 

1980 GM "X” Body modified for 
additional load. 

4 

REAR SUSPENSION 

5 

BRAKES 


5A 

Front Brakes 

1979 GM "E" Body 

5B 

Rear Brakes 

1979 GM "E" Body 

5C 

Service Brake 
Pedal 

1979 Malibu (modified) 

5D 

Parking Brake 
Mechanism 

1979 Malibu 

5E 

Hydraulic Master 
Cylinder 

1979 GM "E" uody 

5F 

Hydraulic 

Plumbing 

New 

5H 

Hydraulic Brake 
Booster 

*Bendix Hydro-Boost (modified) 


* Items so marked will require significant development. 
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UPC 

6 

6A1 

60 

6E 

6F 

6L 

6M1 

6M3 

6Q 

6Y 

6Y2 

6Z 

7 

7A 

7B 

7b1A 

7B1B 

7B1F 

7C 

8 

8A 


NAME 

ENGINE 


description 


Engine 

Flywheel 

Oil Pan 

Oil Pump 

Inlet & Exhaust 
Manifolds 

Induction System 

Air Cleaner 

Engine Mounting 

Accessory Drive 

Starting Motor 

Electric Motor 


1.6 liter VW (EFI-L Jetronic) . 
Modified for on/off operation. 

Flex plate with ring gear 

Modified shape 

Modified pick-up 

Modified outlets 


Remote mount 
*New 

*New - over/running clutches 
VW modified 

GE. Shunt wound, double-ended output 


TRANSMISSION 
CLUTCH & CONTROLS 


Transmission *Servo-actuated 

External Controls 

Transmission Case *GM "X" Body with modifications 
and Gearing 


Engine Clutch 
Motor Clutch 
Clutch Control 
Transfer Case 


*Borg-Warner Overcenter 8 in. 
*Borg-Warner Overcenter 8 in. 
♦Modulated Servo Control 
New housing with Hy-Vo chain drive 


FUEL AND EXHAUST 

Fuel Tank Modified GM "X" Body 

Mounting & Gauge 
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UPC 

NAME 

DESCRIPTION 

8B 

Fuel Lines 

New 

8C 

Exhaust Pipe 



and Muffler 


8C-1A 

Catalytic 

Converter 

VW. 3-way catalyst 

8C-1B 

Exhaust Pipes 

New 

8C-1C 

Muffler 

VW Rabbit 

80 

Evaporative 
Emission Control 

1980 GM ”X" Body 

9 

STEERING 


9A 

Steering Gear 

Power rack and pinion 

9B 

Steering Wheel 

1979 Malibu 

9C 

Steering Column 
and Support 

1979 Malibu 

90 

Steering Linkage 

GM "E” Body modified 

9E 

Power Steering 

*Citr6en CX modified with cycling 

10 

WHEELS AND TIRES 

P-225/70R15 on 6J Rim 

lOE 

Spare Tire 

Full sized 

11 

FRONT END SHEET 
I^TAL 

New 

llA 

Front Fenders 

Fiberglass new styling 

IIB 

Hood 

New styling = steel 

HE 

Reinforcements 

New - steel 


and Attachments 
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UPC 

NAME 

DESCRIPTION 

12 

ELECTRICAL 


12A 

Batteries - 
Propulsion 

*Globe=Union - 12 volt units 

12B 

Battery Box & 
Supports 

Stainless steel with internal 
reinforcements 

12B1A 

Ventilation 

Forced 

12C 

Accessory 

Electrical 

Globe-Union - 12 volt 

12C1A 

Charging Control 

GM 60 amp alternator 

12C1B 

Lamps 

1979 Malibu 

12F 

Electric Radi- 
ator Fan and 
Controls 

VW Rabbit 

12G 

Horn, Switch and 
Mounting 

1979 Malibu 

12H 

Wiring Harness 

New 

12J 

Instrumentation 

New 

12K 

Electrical/ *New. Microprocessor 

Electronic 
Sensors & Control 

13 

RADIATOR ASSEMBLY 

VW Rabbit 

13A 

Radiator Mounting 

New 

14 

BUMPERS 


14A 

Face Bars 

New 

14B 

Energy Absorbers 

GM "E" Body 
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UPC NAME 

34 ACCESSORIES 
Radio 

Power Seats 
Power Windows 


D ESCRIPTION 

GE 

1979 Malibu 
1979 Malibu 


Those Items marked with an (*) will require significant development 

1.3 STYLING 


changes have been made to reduce the aerodynamic draa 
coefficient and to lend a new identity to the hybrid vehicle. Since 

doors of a Malibu are employed in the ve- 
to tL^^frint tlT abearance changes have been limited 

^ areas of the vehicle. Additionally, the ve- 

re-configured to incorporate a hatchback design to 
reflect future market trends in family sedans. Figures 1-6 and 1-7 
are artists concepts of the hybrid passenger car. 

1.4 STRUCTURAL DESIGN 


i-ho approach centers on the utilization of 

ChSvroi^? doors, pillars, and cowl) from the 

Chevrolet Malibu. This is a significant step because much of the 

required for a new vehicle 

suDoLt®fh^^hSh®^^°'' components. The underbody, which must 

to hybrid power tram components, will be new from bumper 

S Jo^^sistent witn contemporary practice, it will be fab- 
The strength alloys where required, 

S an Tn?2in!i ? ^ separate frame, will be concerted 

fLiHg s^ruo?irarr?g?a?“!““'°" 

4 -K« illustration of the body structure depictinq 

and intJara?^;^^''°"J structure with upper fender reinforcemLts , 
of thS^h^ffi K 3 wheelhouses. All components, with the exception 

I.S POWER TRAIN COMPONENT ARRANGEMENT 


The power train consists of the following elements; 

# Heat Engine 

• Electric Motor 
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• Transmission 

• Wheel Differential 

• Drive Axles 

• Clutches 

• Clutch Actuation Mechanisms 

• Transmission Shifting Controls 

• Accessory Drives 

• Engine Starting System 

The Design Trade-Off Study showed that the vehicle should 
be front-wheel driven. Hence, all of the preliminary design ac- 
tivity was on front-wheel drive configurations. 

1.5.1 SYSTEM FUNCTIONAL REQUIREMENTS 

In order to develop a viable power train arrangement, primary 
consideration must be given to the functional requirements demanded 
by the control strategy. Hence, the power train accommodates the 
following operating modes : 

• Idle the electric motor with accessories operational 
and vehicle at rest with transmission in gear. 

• Idle the heat engine with the accessories operational 
and vehicle at rest with transmission in gear. 

• Accelerate from rest with the electric motor only. 

• Accelerate from rest with the heat engine only (for 
emergency situations) . 

, • Deliver power to the wheels from both prime movers 
simultaneous ly . 

• Transmit power from the v/heels to the electric motor 
for regeneration. 

• Allow the electric motor to be electrically and me- 
chanically removed from the system for prolonged high 
speed cruising. 

• Start the heat engine rapidly while the vehicle is in 
motion. 

• Start the heat engine from the electric motor while 
the vehicle is at re. ' . 

• Start the heat engine with the vehicle at rest without 
th*" assistance of the electric motor (for emergency 
situations) . 

• Charge the batteries from the heat engine even when 
the vehicle is at rest. 

• Turn off the heat engine while the vehicle is in motion. 

• Shift gears in the transmission automatically in re- 
sponse to system microprocessor commands. 
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1.5.2 CANDIDATE CONFIGURATIONS 

1 . 5 . 2 . 1 Clutch ing 

It become£' clear immediately that at least two clutches are 
required to have the ability to mechanically disconnect either of 
the prime movers. Additionally, there must bo at least one energy 
dissipative clutching member between the transmission input shaft 
and the prime movers. Another conclusion which can be drawn is 
that the clutching members at both the engine and the motor must 
be active (as opposed to passive or overrunning) since torque 
must be transmitted in both directions to each member at various 
times . 

It seems, therefore, that the simplest system would be to 
have one active, energy-dissipating clutch mounted on each prime 
mover. Since both of these clutches are active, they can perform 
both the "switching" as well as the starting functions. Of all 
of the candidate configurations analyzed, this system proved to 
be the simplest and easiest to package. 

Accessories pose additional problems as discussed in the 
Trade-Off Studies Report. The need to drive the accessories from 
either prime mover requires some interconnection between them. 

The further requirement that the accessories be driven with the 
transmission in gear and the vehicle at rest requires that this 
interconnection cannot be shared with the primary driveline un- 
less an additional driveline clutch capable of transmitting the 
sum of both powerplant torques is inserted between the intercon- 
necting member and the transmission. Since this torque is about 
ten times the accessory torque, it seems more reasonable to drive 
the accessories independent of the transmission drive. A simple 
"back to back" overrunning clutch mechanism between the motor and 
engine will accomplish the desired result of sharing the accessory 
load betv;een the two prime movers. This clutching mechanism is 
passive and requires no outside control. 

Consideration of the two driveline clutches reveals two im- 
portant points regarding clutch actuation. First, these clutches 
must be modulated on application, and their rate of application 
is dependent on the desired rate of acceleration of the vehicle. 
Second, contrary to most energy dissipative automotive clutches, 
the. actuating mechanism must be capable of operation in both the 
applied and released mode for extended periods. This requirement 
led to the selection of a clutch with a "toggle" or "over-center" 
actuation mechanism similar to those employed on implements and 
power take-offs. 

1 . 5 . 2 . 2 Tra nsmission Typ e 


It was decided at the outset that the development of an all- 
new transmission was beyond the scope of this project and that 
only available transmissions, albeit re-packaged or modified, 
would be considered. Although this is not unnecessarily restric- 
tive, it does limit such things as the overall ratio availability. 
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f’or the purposes of this section, a transmission is considered 
tnat unit in the mechanical drive which includes the final drive 
gears, the axle differential, the individual gearsets and their 
associated clutching elements, and the housing to contain all of 
these components. An automatically shifted transmission is defined 
as one which can be shifted under power. Contemporary automatic 
transmissions are of the planetary gear type and have their input 
and output shafts on the same line. The choices were restricted to 
this type. 

There are five basic types of transmissions which were studied. 
These are listed below with examples of vehicles which utilize them: 

• Straight through types (GM Toronado) 

• Th rough- and-back types with hypoid final drive (Audi, 

Dasher) 

• Through-and-back types with spiral bevel final drive 
(Renault) 

• Through-and-back types with helical final drive (Omni/ 
Horizon) 

• Concentric differential (GM "X" Body) 

Of these five basic types, only two of them yield drive packages 
which fit within the envelope established. These were a longi- 
tudinal arrangement employing the through-and-back type with hy- 
poid final drive, and a transverse arrangement utilizing the con- 
centric differential. 

As shown in Figure I- la, the heat engine and electric motor 
are mounted transversely in the hybrid design. Computer analysis 
indicated that insufficient frontal crush space was available with 
a longitudinal arrangement of the engine and motor mandating the 
transverse arrangement. With the transverse motor/engine arrange- 
ment, the concentric differential type transmission followed as 
the logical choice. The gear ratios of the 3-speed GM "X" body , 
gearbox are 2.84/1.6/1.0:1 in first, second, and third gear, re- 
spectively. The overall gear ratio of 2.84:1 is less than opti- 
mum, but it seems to be the best choice of transmissions currently 
available . 

1.5.3 SYSTE M OPERATION 

Figure 1-8 is a schematic representation of the final drive 
package. Table I-l illustrates the operational status of all major 
elements related to the list of power train operating modes listed 
in Section 1.5.1. 

1.5.4 SYST E M LAYOU TS AND D RAWIN GS 

Figure I-la is a layout of driveline components depicting th© 
major functional elements. The major components arc labelled to 
correspond to the schematic (Figure 1-8). 
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Table I-l 

MAJOR ELEMENT OPERATIONAL STATUS 


MODE 

_ Cl 

C2 

O/Rl 

0/R2 

HE 

EM 

TRANS 

1 

Open 

Open 

Free 

Driving 

Off 

Base RPM 

Any 

2 

Open 

Open 

Drivinq 

Free 

1 die 

Off 

Any 

3 

Open 

Act i vated 

Free 

Driving 

Off 

Various 

Fo ’"wa rd 

4 

Activated 

Open 

Drivinq 

Free 

Various 

Off 

Forward 

5 

Closed 

Closed 

Drivinq 

Driving 

Various 

Various 

For*v/ard 

6 

Open 

Closed 

Free 

Driving 

Off 

Above 
Base RPM 

Forward 

7 

Closed 

Open 

Di ivi nq 

Free 

High 

Off 

Forward 

8 

Activated 

Closed 

Free 

Driving 

Starting 

Above 
Base RPM 

Forward 

9 

Activated 

Closed 

Free 

Driving 

Starting 

Base 

Neutral 

10 

Open 

Open 

Driving 

Free 

Starting 

Off 

Any 

11 

Closed 

Closed 

Driving 

Driving 

Various 

Above 
Base RPM 

Neutral 

12 

Open 

Closed 

Free 

Driving 

Off 

Any 

Any 

13 

Closed 

Closed 

Driving 

Driving 

Any 

Any 

Any 


1.6 FURTHER DEVELOPMENT OF HARDWARE 

Even though every effort was made to ininiinize the hardware 
development tasks which would be needed in Phase II, there are 
several areas in the vehicle system which will require develop- 
ment of mechanical hardware which is not readily available from 
conventional ICE automotive use. These elements are discussed 
briefly below. 

1.6.1 PRIME MOVER CLUTCHES AND ACTUATORS 

Two over-center or toggling dry friction clutches with auto- 
matically modulated application mechanisms and thermal protection 
or control must be developed to perform the function of smoothly 
starting the vehicle from rest and of starting the gasoline engine 
when the vehicle is in motion (see Figure I-3c) . 

1.6.2 CLOSED CENTER CENT R AL HYDRAULIC SYSTEM 

rt complete closed center hydraulic system to provide power 
steering and power brake boosting must be developed including 
cycling clutch hydraulic pump, control, priority valve, steering 
valve, and brake booster modifications. This system will be built 
employing as much available hardware as possible. However, the 
total system function will require some development work. 
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1.6.3 ACCESSORY DRIVE S YSTEM 


An accessory drive system (Fiyure I- 3a) capable of powering 

the accessories from either the motor or engine *_ 

^his Svl will also iaclude the hydraulic pump required tor trans 

mission shifting. 


1.6.4 NOISE AND VIBRATION 


The control scheme requires the intermittent JPeration^^of _^the 
forward power train package* 


1.7 SUMMARY LIST OF DRAWINGS AND ILLUSTRATIONS 


The Preliminary Design Data Package drawings are all 
at thflnrot tl.ls appendix. A summary of the drawing content and 
the figure number for each are given below. 


Subject 

FiQure Number 

Transmission, clutch, and 
controls, right side view 

I-3a 

Transmission, clutch, and 
controls, left side view 

I- 3b 

Transmission, clutch, and 
controls. Section A-A 

I-3c 

Heating, ventilating, and air 
conditioning package, plan view 

I-4a 

Heating, ventilating, and uir 
conditioning package, left side 
view 

I-4b 

Hybrid vehicle body structure, 
exploded view 

1-5 

Artist's rendering of the hybrid vehicle 

I-G and 1-7 

Schematic of drive j>acka<.|o 

1-8 

Hybrid vehicle layout, left 
elevation, 1/5 th scale 

1-la 


Hybrid vehicle layout, plan 
view, 1/5 th scale 
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Subject 

Hybrid vehicle layout, front 
view, 1/5 th scale 

Hybrid vehicle layout, rear 
view, 1/5 th scale 

( 

I Hybrid vehicle, 3- dimensional 

I cutaway 


Flexure Number 
I-lc 
I-ld 
1-2 



1 








\ W 
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Figure I-la. Hybrid 
Vehicle Layout, Left 
ElQvatisn, 1/5 scale 
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'•Vehicle Layout, I t out vjev;, 


l/^)th Scale 



3PARE TIRE 


I ; \ MUFFLER 



rear view 


I vehicle r.nymit , Roar View, l/5th Scale 
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Figure I~3£>. Transmission, Clutch, and Controls, Left Side Viev 
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Figure 1-8. Schematic of Drive Package 
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Appendix II 

VEHICLE RIDE AND HANDLING AND FRONT 
STRUCTURAL CRASHWORTHINESS ANALYSIS 


11.1 INTRODUCTION 

Preliminary vGhicl© ride calculations were made in conjunction 
with a linear range handling analysis in order to verify that the 
hybrid vehicle would exhibit response characteristics similar to 
those of contemporary vehicles. A computer study was conducted 

to provide a preliminary assessment of the crashworthiness potential 
of the hybrid vehicle frontal structure. 

11.2 RIDE RATES 

Ride character is established by the ride frequency. In an 
attempt to match the ride character of the Chevrolet Malibu (the 
Reference ICE Vehicle) , the front and rear ride frequencies were 
measured and determined to be 1.16 Hz and 1.35 Hz, respectively. 

The front frequency was matched exactly as a starting point. 
Since the vehicle has a different pitch inertia, the rear ride fre- 
quency for the hybrid was calculated by obtaining a similar pitch 
response. This calculation resulted in a rear ride frequency for 
the hybrid of 1.9 Hz. The large difference in rear ride frequency 
to attain the same vehicle ride as the Malibu is due to the more 
forward location of the vehicle's center of gravity and the dif- 
ferences in the pitch inertia. 

11.3 HANDLING ANALYSIS 

An analysis of the line "■ range handling characteristics of 
the hybrid vehicle was made x. order to determine its steady state 
and transient responses to a steer input. The model utilized in- 
cludes all suspension geometry and compliance effects. The iner- 
tial properties of the vehicle, as well as the linear range prop- 
erties of the tires, were also included. 

At this stage of the design process, all of the suspension 
parameters (bushing rates, for example) are not known exactly, and 
some estimates must be made based on measurements of suspension 
parameters from vehicles with similar suspension systems. Addi- 
tionally, the tire characteristics, which alone are one of the most 
critical variables in the system, can only be estimated because the 
tires to be utilized on the final vehicle have not yet been deter- 
mined. The results of this analysis, however, proved to be very 
significant because they illustrated that the hybrid vehicle as 
proposed herein will exhibit handling responses similar to those 
of other vehicles in its class. 
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Roll Gain, Deg/g 7.05 8.01 

Control Sensitivity ® 60 mph, 2.99 2.97 

Ft/Sec2/Deg 

Vehicle Total Understeer, Deg/g 8.61 8.70 

Characteristic Speed, mph 29.9 29.7 

Yaw Velocity Response Time, Sec .101 .098 

Lateral Acceleration Response .304 .329 

Time, Sec 

Sideslip Response Time, Sec .338 .356 

II. 3. 2 INTERPRETATION OF RESULTS 


The usual range of roll gain for American passenger cars is 
6 to 10 d'^grees per g., while control sensitivities usually fall 
between 2 and 7 ft/sec^/deg at 60 mph. Characteristic speeds for 
passenger cars are normally in the range of 25 to 40 miles per hour. 
At 60 miles per hour, yaw velociti response times are usually less 
than 0.2 second with lateral acceleration and sideslip responses 
usually below 0.5 second. Low response times are desirable since 
the vehicle will tend to fe'il more stable with little driver tend- 
ency to overcontrol. 

All the handling parameters for the hybrid vehicle fall into 
the normal ranges cited for American passenger cars. Hence, the 
handling of the hybrid vehicle should be satisfactory. 

11.4 FRONT STRUCTURAL CRASHWORTHINESS ANALYSIS 

In order to provide a preliminary assessment of the crashworthi- 
ness of the hybrid vehicle's frontal structure and drive component 
placement, a computer study was conducted. Utilizing the preliminary 
design package configuration, a series of vehicle collision simula- 
tions were made to evaluate the vehicle crash environment for a 
30 mile per hour frontal barrier impact. The computer study was 
done by Mga Research Corporation using their lumped mass vehicle 
collision simulation program (SMDYN) which is described in Sec- 
tion 11,5. 
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Table II-l 

INPUT DATA FOR HANDLING ANALYSIS 

D(*£ j 1)1 til n 

Uni Ln^ 

Magn i t ude 





Total woiyht on front whooln of thr* vohiolo 


.no 4 

«r 

Total woiyht on roar whoola of the vohiclo 

U) 

1 106 

«uf 

Front unsprumi woiqht 

lb 

109 

«ur 

Rear unsprunq woiqht 

lb 

274 


Wheelbaoe 

in. 

108 

h, 

Front roll center hoiqlit above road plane 

in. 

1.67 


Rear roll center heiqht above road plane 

in. 

] 2 . 89 

■’uf 

Front unsprung weight eg height above road plane 

in. 

12.58 


Rear unsprung weight eg height above road plane 

in» 

12.98 


Total vehicle eg height above road plane 

in. 

23.18 


Sprung mass roll inertia about origin on roll 
axis below eg of total vehicle 

lb-sec^- ft 

805. 3 


Sprung mass yaw inertia on roil 

axis below eg of total vehicle. 

lb-sec^- ft 

1561 . 7 

^zz 

Unsprung mass yaw inertia about origin on roll 
axis below eg of total vehicle 

lb-sec^- ft 

478. 4 


Sprung mass j*roduct of inertia about origin of 
roll axis below eg of total vehicle 

Ib-soc^-ft 

0 


Front r 11 damping coefficient 

f t- Ib-soc/deg 

23 

D 

r 

Rear roll damping coefficient 

ft* lb-sec/ deg 

9.8 

''f 

Front roll stiffness 

f t“ lb/ deg 

5.70 


Rear roll stiffness 

ft- Ib/deg 

175 


Front roll camber coefficient (+ understeer) 


4 .91 


Rear roll camber coefficient (♦ understeer) 


0 

'^4«f 

Front roll steer coefficient (+ understeer) 


+ . 06 


Rear roll steer coefficient (+ understeer) 


0 

^N£ 

Front aligning torque deflection steer per 
wheel (+ understeer) 

dog/ 100 ft- lb 

+ 1.5 

^Vf 

Front lateral force deflection steer per 
wheel (+ understeer) 

deg/1000 lb 

+ .6 

'n£ 

Front aligning torque deflection camber per 
wheel (r understeer) 

deg/ 100 ft- lb 

4.02 

‘ Vf 

Front lateral force deflection camber per 
wheel (+ understeer) 

deg/ 1000 lb 

4 1.2 

‘^Kr 

Hear aligning torque deflection steer per 
wheel {+ uftdertxtecr) 

deg/ 1000 tt-lb 

=^. t 

Sif 

Roar lateral forue deflection steer pet 
wheel understeer) 

dog/ 100 ft- lb 

1 

•n. 

Rear aligning torque deflection cancer wheel 
(+ understeer) 

deg/ 1000 M-lb 

-.1 

'vr 

Rear lateral force deflection camber pei wheel 
(+ understeer) 

deg/ 1000 lb 

-2.0 


Front tire cornering stiffness for one tiro 
(always positive) 

lb/ deg 

29 3 
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Table II "1 (continued) 


Va ri abl o t io n 


V tlf- * 

c 

tU 

Roar tiro cor no ring ntitfiionn i or ono tiro 
( a Iw a y n i >o n i 1 i vo ) 

Ib/deg 

1«0 


Front tiro cambio: nt i iiinMt.s ojn' tin- (ponitivo) 

1 b/dng 

no 

Sr 

Roar tiro canilioj ntittnonn for on<* tin^ (lio^vitivo) 

Ib/deg 

2i 

Aligning torguo por unit r.iip anglo lor ono front 
tiro (punitivo) 

ft' Ib/deg 

G6 

'^ar 

Aligning torguo por unit nlip aitilo for ono roar 
tire (pooitive) 

ft'»lb/dog 

U 


Aligning torguo per unit cair^oi antj Ic Coi' ono front 
tiro (positive) 

f t-lb/deg 

3 

Sr 

Aligning torguo per unit cancer ^n<jlo for ono roat 
tire (positive) 

f t- Ib/dog 

3 

Sf 

Over turning moment por unit slip angle for ono 
front tire (positive) 

ft- lb /deg 

32 

Sr 

Overturning moment por unit slip angle for one 
rear tire (positive) 

ft-lb/deg 

30 

Sf 

Overturning moment per unit camber angle for one 
front tire (positive) 

ft- Ib/deg 

24 

L 

ir 

Overturning moment per unit camber angle for one 
rear tire (positive) 

ft-lb/deg 

21 

*\ss 

Steady state lateral acceleration selected by user 
(should not exceed 10 ft/sec*") 

f t/sec^ 

10.0 

X 

Distance from front wheel center to lateral accel- 
eration measurement point (positive for points 
behind wheel center) 

in. 

57.3 

z 

Distance from road plane to lateral acceleration 
measurement point (posi ti ve for points above load 
plane) 

in. 

19.8 

u 

Forward velocity 

mph 

60 

At 

Printing time increment for transient response 
(not to exceed .1 sec) 

sec 

.05 

^max 

Total time interval for transient response 

soc 

1, 25 
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The methodology uaed was based on the assumptions that the 
hybrid's occupant compax"tment would be identical to that of the 
1978 Chevrolet Malibu and that occupant survivability in thi-> hy" 
brid configuration could be insured if the hybrid's crash environ™ 
ment was found comparable to that of the Malibu compliance teat 
crash data results. The following approach was used. First, com- 
pliance test crash data was obtained for a 1978 Chevrolet Malibu. 

This data provided the basis of comparison for evaluating the pro- 
posed hybrid configuration. Second, since static crash data was 
not available for the base car structure, data from similar sized 
vehicles was employed in the SMDYN model in order to duplicate the 
known vehicle collision performance. Modifications were made on 
the crash data based on engineering judgments to achieve a match 
between simulation results and the known base car deceleration 
pulse. 

The front structural elements used in the simulations are rep- 
resentative of existing automotive designs and represent structural 
elements which can be packaged into the hybrid. Further investiga- 
tions are necessary to determine the actual structural design; how- 
ever, the slight modifications necessary to fine-tune the elements 
should not create problems within the constraints of the hybrid's 
front structure. 

Once the base simulation was completed, a series of calcula- 
tions were made to study the following component configurations as 
variables ; 

• Longitudinal and transverse heat engine package, without 
a battery pack 

• Both engine configurations with battery pack installed 
behind the heat engine 

• Various battery pack crash characteristics 

• Structural component changes 

• Variations in vehicle weight 

From the analysis results, it was found that a transverse heat en- 
gine layout can result in crash performance similar to that currently 
provided by the Chevrolet Malibu. However, the longitudinal heat 
engine package cannot achieve this objective within the dimensional 
constraints of the preliminary design. 

TT.4,1 CONCLUSIONS 

The following conclusions were derived from the study based on 
data/information available at the time of the study. In some cases 
the data is not directly applicable to the proposed hybrid. Hovrcvcr, 
trends shown as a result of the study are valid, 

1. The Transverse Drive System (TDS) package shows much greater 
promise of affording crash protection comparable to that of the con- 
ventional car than does the Longitudinal Drive System (LDS) . The 
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LDS could afford similar levels of protection, but v/ould require 
a major redesign to obtain more structural crush space. 

2. For both drive conf igurations , the maximum intrusion Into 
the passenger compartment occurred in the tunnel area as a result 
of the heat engine and associated drive components. Thrs ar.a n 
the body structure should receive a high level or emphasrs dm ing 
Phase II. 

3. Increasing the structural resistance (while maintaining 
reasonable values within the state-of-the-art automotiye technology) 
reduces passenger compartment intrusion without significantly af- 
fecting the peak deceleration levels of the TDS Hybrid. 

4 Battery pack intrusion into the passenger compartment was 
not a lerious problem. It appears that the TDS layout can achi®;;® 
a desired objective of preventing such intrusion. However, further 
test information is required for the interaction between the trans- 
verse heat engine and battery pack. 

5. Although occupant response was not addressed directly 
this study, it seems likely that a hybrid vehicle design whicn paid 
careful attention to crashworthiness would satisfy FMVSS 208 ir uy 
criteria for fully restrained occupants. This conclusion \.r 
on the reasonably similar passenger compartment dece U .or 

the Chevrolet Malibu and the TDS strengthened structuiuj.. and on the 
occupant injury levels recorded in the G.M. "A" Body tests. 

Trends resulting from the computer simulation runs become very 
apparent when the maximum deceleration is plotted against maximum 
intrusion (Figure II-3) . ’.ost evident is the clear separation of 
the LDS and TDS configurations, with the LDS results tending toward 
both higher intrusion and higher peak decelerations. Irrespective 
of the absolute validity of these results, it is clear that the 
longitudinal drive system will be much more difficult to package 
for crash protection than the transverse system unless significantly 
greater crushing space is made available. 

II. 4. 2 ANALYSIS RESULTS 

Vehicle crash test information was obtained by MGA which sum- 
marizes the results of 30 mph frontal barrier collisions of a 1978 
Malibu four-door coupe and a 1978 Oldsmobile Cutlass Salon two- 
door coupe. Both tests were conducted with belted part 57.^ dummies 
in the front outboard seating position. 

The average passenger compartment decelerations are shown in 
Figure II-4 and the injury criteria along with other significant 
measurements are shown in Table II-2. Note that all established 
injury criteria for FMVSS 208 are satisfied in both baseline tests. 
The maximum dynamic crush of the Malibu was 27.8 inches, and of 
the Cutlass, approximately 30.0 inches. The corresponding reduc- ^ 
tion in eompartraent Space {intrusion) was 2.9 inches in the driver s 
toe board area for the Malibu and 6.0 inches in the passenger ‘g too 
board area for the Cutlass. 
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•f CONVEmiONAL DRIVE (SIKUUTION) 

A CONVENTIOMAL DRIVE (TEST AVERAGE) 
0 TPSKYSRIl) 

□ IDS HYBRID 



HAXMJH PA^ENGER CDHPARTT^ JIRRUSIOK (M 


Figure II~3c Maximum Deceleration as a Function 
of Maximum Intrusion (Refer to 
Table II-3 for Run Identification) 
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Since the propoeed hybrid dosiqn will bo based on a Malibu 
occupant compartment, the vehicle should meet applicable standards 
if the deceleration waveform and intrusion levels do not exceed 
those observed in these tost results. 

Utilization of the SMDYN mathematical model requires struc- 
tural strength data as input. Crush test data was 
for a G.M. "A" Body car, so estimates were used based on stati 

data from a 1974 Ford Torino. 

A schematic diagram of the baseline Malibu model is shown in 
Figure II-5. The basic structural force-deflection profiles used 
are plotted as Figure II-6. Some structural properties were ad- 
justed to provide a better agreement between the predicted and 
ielsuied oompartn^nt deceXeration values. These 
sisted of a 20% reduction ot the rear rail foice 
crease in an early spike in the front frame from 
29 000 lb at 4.0 inches of deformation. A comparison of the 
fiial oredLtions with the test results for the Malibu is shown 
in Figure II-7. The maximum dynamic crush predicted by the simu 
lation was 28.8 inches with a firewall crush of 4.4 inches. 

Data was available for a VW Rabbit radiator and engine frontal 
structure (Figure II-8) . This data was 

Model with the appropriate clearances for the hybrid pac g . 

In order to provide for the battery crush characteristics, a 
sinoire volt lead-acid battery was statically crushed (Figure II-9). 
Since the battery layout included two banks of individual batteries, 
oie tn f?onf of^he other, an optimum condition was hypothesized in 
which the front and rear batteries crushed simultaneously 
same force levels. This was designated the soft battery condition 
and results in the same force level at twice the deflections o 
the single battery crush. 

Twelve SMDYN simulations were run of hybrid vehicle configura- 
tions Five of these were of the LDS (longitudinal) and seven of 
the TDS (transverse) configurations. Table II-3 identifies the 
ruL mLe and lists some significant results obtained from each 

run. 

From a crashworthiness point of view, there are two functions 
that a vehicle structure serves; 

• Protecting the occupants of the veh.icle from excessive 
deformation of the passenger compartment. 

• Protecting the occupants of the vehicle from excessive 
deceleration levels. 

If we consider the base Malibu configuration results to be the 
goal for the proposed hybrid design, the TDS configuration show 
g?eL promile^ and with Lditional effort would probably be 
successful . 
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Figure II-5. Schematic of Conventional Vehicle Model 
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Figure II-8. VW Rabbit Radiator/Engine Crush Data 
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I 



' BATTERY DEFORMATION - IN 

Figure II-9o Single Battery Crush Data 
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modolf‘''!?^ci;a;d“are plMs^of tho'reB^eaa^f 

A comparison of the deceleration entative simulation runs, 

tery packs for bat- 

ments is shown in Figures Il=lla and n-iTh " arrange- 

cation of the effect of batterv - rnoV> n A preliminary indi- 

in Figures II-12a and II-12b rinti illustrated 
does not result in a sianific battery crush strength 

for either driveline configuration.' ® compartment deceleration 

levels? add?tio^al’'?u^S'’?f?e‘mLr-®®"’®’'-°°"'P®’^‘'"'’"‘ intrusion 

Of the frontal '=''® =‘tength levels 

a 20% increase in thi front ?hJet mS?Il J!Id f®'"'“°*?''® 

effect of fh-ic /^n=.r. • ^ sneet metal and frame elements. The 

. , - , this change is shown in Figures II-13a tt i "jk ^ 

c^nfj^^?‘:?^??'- rigu^rl U i^'tiif Ih 

ising°in'"?Ih?e?iig tt?^?i^e‘"??vel“ol“°"\“"“^^‘'“^' 

Mt-hT„n-:iSei 

tion waveforms achieved with thi«? <-nnf decelera- 
line O.M. »A- Body'?rsh«i\“'Ffg“2*i?!???^°‘' ‘he base- 

11.5 SPRING-MASS SIMULATION (SMDYN) 

treatf“™h^?ic\?\“?S.=i”?^% ' hhat 

So?M«eS'b?‘’?.?si?Sfs'"'de?lr^a™ (lumped"°m???es''!nter- 

def lection propJJtiJ?' characterized by force- 

large numbe? SH^seJite mas^f ii i? allowing a 

Each specific application recuj res the ‘oily flexible connectivity, 
and resistive elements to aneri^? the definition of lumped masses 

of the structural system undL con?lder?tioS^®^ligu?e^??‘'J?‘'^r‘'® 

models typically studied are shoin ii'‘?igure°n™8!°“^ collision 

can brjb?I?^ld^b?"??a???'^'“rt°' specific resistive elements 
ical ‘^tructires Cv.^oi ^ testing of the corresponding phys- 

that facilitate developed ^ 
surement of the force-def lection^^orone^fS control, and roea- 

structural elements. ^ peitie.g of various automotive 
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radiato'Vengine front 

^10 

battery/firewall 

front frame rails 

»^11 

engine/battery 


•^12 

- battery containment structure 
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Figuice II~12b. Influence of Battery Stiffness on Body Deceleration 
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Figure 11-17. Schematic of Front Structural Model 
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The program itself accepts such empirically developed force- 
deformation characteristics in a tabular format, thus allowing a 
general loading curve consisting of a number of force-def lection 
coordinates. An unloading curve is also specified for each resxs- 
tivo elGWont. in tho form of throe unloading olopen (Figure ll'-19) • 
The^unloading path is automatically constructed based on the point 
at which unloading is initiated. If re- loading takes place, the 
unloading curve is retraced back .o tae primary loadrng curve whrch 
is then used thereafter. Cyclical loading/unloading is also con- 
sidered. If this does occur, the unloading path shifts parallel 
to the deflection axis consistent with the most recent point of 
zero deflection rate. The general nature of the unloading path 
allows consideration of elements that allow only compression (eog. 
the bumper structure) or elements that are physically capable of 
developing tension forces (e.g., the frame rails). 



Figure II-19. Illustration of Resistive Element 
Input Properties 
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Since automobile collisions are obviously dynamic events and 
automotive structural materials are known to be strain rate sensi- 
tive, a method cf accounting for dynamic overs trass is incorporated 
into the model. Based on the work of Kamal and others, an over- 
stress (rate) factor in the neighborhood of 1.3 or 1.4 has been 
found to produce reasonable correlation 

test data for collision velocities around 30 mph. Within SMDYN,^ a 
logarithmic rate factor, as shown in Figure 11-20 is 
sistent with the nominal overstress magnitudes indicated above ana 
also providing the additional advantage of producing static loa 
values as the deflection rate approaches zero. 


Output from the simulation consists 
of all input parameters, b) acceleration, 
time histories for each discrete mass, c) 
histories for each resistive element, d) 
tion for each mass, and e) maximum value 
sistive element. 


of: a) a concise listing 

velocity, and displacement 
force and deflection time 
maximum value of accelera- 
of deflection for each re- 
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Appendix III 

MICROCOMPUTER CONTROL 
OF PROPULSION SYSTEM 

111.1 INTRODUCTION 

The main function of the hybrid vehicle propulsion control 
subsystem is to translate the driver commands to the vehicle into 
a controlled response of the heat engine, motor, and other compo- 
nents of the propulsion system. This complex control function 
must bt‘ carried out in an optimal nanner taking into considera- 
tion the limitations and constraints imposed by the various compo- 
nents of the propulsion system. The complexity of the control 
function necessitates the use of a microcompute, whose major func- 
tions are summarized as follows: 

• Vehicle Drive Train Sequencing 

- Startup sequencing 

- Selection of propulsion source 

- Propulsion source sequencing 

- Optim’im torque /power distribution for combined 
electric motor and heat engine operation 

- Gear selection 

- Clutch and contactor status selection and control 

• Feedback Control of Heat Engine Torque 

0 Feedback Control of Electric Motor Torque 

0 Operation Interface 

0 Battery Charging/Gauging 

0 System Monitoring, Warning, Operator Displays, and 

Diagnostics, 

The most complex of these functions is the vehicle drive 
train sequencing. The control strategy developed will be exe- 
cuted by the microcomputer in order to accomplish the functions 
listed above. 

The vehicle drive train sequencing includes sensing the need 
for switching from one mode of operation to another mode and in- 
cludes controlling the blending of the heat engine and electric 
motor outputs so as to minimize jerking and provide optimum per- 
formance. The operation of the heat engine and motor are con- 
trolled in order to obtain as high an efficiency as possible and 
to minimize the amount of emissions to the extent practicable for 
the given conditions of operation. Details of the overall control 
strategy are given in the next section. The control strategy to 
be discussed is an improvement on the earlier control strategy 
used in the Design Trade-Off Studies. Modifications were made to; 

0 Improve fuel economy 

0 Reduce emissions 
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• Operate the electric motor as near to its theoretical 
maximum efficiency as possible. 

The basic principles of the control strategy are the same if a 
fuel-injected gasoline engine or a diesel engine is used. The 
characteristics of the engine used in the torque-speeds curves 
are those of a diesel engine. For the Phase II project however, 
detailed data on the 1.6 «. EFI-L engine will be used which will 
be supplied by VW. Figure III-l shows a block diagram of the hy- 
brid vehicle propulsion system. The combined vehicle controller 
block contains the microcomputer that forms the decision making 
system. Several vehicle, electric motor, battery, and heat engine 
parameters are measured and sent to the microcomputer as inputs. 
The output of the microcomputer is converted by the appropriate 
transducers and sent to the various propulsion system components. 

Ili.2 CONTROL STRATEGY 

III. 2.1 PROPULSION WITH ELECTRIC flOTOR ONLY 

The propulsion battery state-of-charge permitting, the elec- 
tric motor will be the primary source of power in city driving 
where the speed will be normally limited to less than 30 mph. 

This mode of operation will be valid also when the vehicle is pro- 
viding regenerative braking or is moving in reverse. The state- 
of-discharge diagram of the battery with operation states is shown 
in Figure I I 1-2 for the zone 0.7 " S > 0, where S is the battery 
state of discharge. The motor is the primary power source in the 
city, but the heat engine takes over if S goes above 0.7. The 
region .75 • S' .7 is used for load leveling by the motor. If 

S '' 0.75, the heat engine starts charging the battery until S = 0. 
The battery will not be allowed to discharge above S = 0.8. 

The battery modules can be connected all in series, giving a 
nominal voltage of 120 V or connected as two series packs in paral 
lei giving a nominal voltage of 60 V. This approach is used to 
reduce motor base speed during starting. The full voltage (120 V) 
operation and the half voltage (60 V) operation are referred to 
later in the text as Et> and .5 E^ operation, respectively. The 
motor can be operated in either mode with or without the starting 
resistor (Rg) . 

I T I . 2 . 1 . 1 Motor Performance Characteristics 

The motor operates so that it will bt? started by battery 
switching until the speed reaches the base viilue. Then as the 
motor enters into the constant hp region, the developed torque is 
controlled by the field current. The motor Is permitted to oper- 
ate in steady state either with half battery voltage (0.5 Ej^) or 
with full battery voltage (Ep) . Corresponding! ', there are two 
base speeds of the motor, i.e., 1000 rpm and 20l 0 rmp, respec- 
tively. Note: In the Preliminary Design the rpm values are 1100 

and 2200 but calculations were done for 1000 and 2000 rpm. 
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Figure III-2. Battery State-of-Discharge Diagram 


Figure III-3 shows the armature cu.rrent profile when the motor 
is started by the battery switching method. The field current is 
assumed to be at the rated value (iff) during the entire startup 
transient. Initially, 0.5 + Rg is impressed in the armature 

circuit. V7hen the current (la) falls to 170 A as speed rises, 
only 0.5 is switched on. At 430 A, Et> + Rg is impressed and 
then at 250 A the full E^ is applied. Under all transient condi- 
tions, the peak armature current is limited within 480 A. With 
full Eja, the motor can operate at peak power which corresponds to 
480 A for 60 seconds or at rated loads (rated current = 213 A) 
continuously. Figure II 1-4 shows the torque-speed characteristics 
of the motor. During battery switching, the field current is con- 
stant and therefore the torque is proportional to armature cur- 
rent. However, during field control, the torque-speed curves 
have the shape of a rectangular hyperbola. Figure III-5 shows 
the motor power-speed characteristics which have been derived 
from Figure TII-4. Figure ITI-6 shows the relation between motor 
developed power and the armature current limit. With the rated 
current of 213 A, the motor can develop 19 kw whereas the peak 
power output - 35 kW - corresponds to armature current of 480 A. 

Figure III-7 shows the motor efficiency-speed curves with 
full battery voltage. At the rated output (18 kW) , the efficiency 
falls but the peak efficiency remains near 2000 rpm. With the 
reduced output, the efficiency first increases and then decreases, 
and the peak efficiency point shifts to a higher speed. Fig- 
ure I I 1-8 shows the similar efficiency speed curve at half bat- 
tery voltage. Figure ItI-9 compares the efficiency curves at 
0.5 and Ejj. For the same output power the efficiency is higher 
with Ejj above a critical speed. The critical point shifts to the 
right as the power output decreases. 
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Armature Current Profile at Starting 
by Battery Switching Method 
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Figure III-5. Power-Speed Curves of DC Motor 
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and Armature Current Limit of Motor 


III-6 


GENERAL*# ELECTRIC 



— 20 kw 
— 10 kW 
"~— 25kW 

>. ^30kW 


Peak Power 

Ig = 480A 


35 kW 


Full Bettery Voltage 

(Starting Resistor Short Circuited) 

^ iofe "20M 3000 4000 5000 6000 

Motor Speed (rpm) 

Figure III-7. Efficiency Curves of Motor at Full 
Battery Voltage 

III. 2. 1.2 Zones of Operation 

The electric motor (or the heat engine or the co^ined drive) 
ran ooerate with either of the four gear ratios, and the torque 
speed^curves of Figure I I I- 4 can be translated to vehicle torque- 
speed curves corresponding to each of the gear ratios as shown in 
Figure III-IO. Since the vehicle always starts with gear, 

the battery switching transients are translated for this 
ratio only. For a constant power operation in the field control 
region, the operation remains on the constant power curves for a^ 
gear ratios. The peak power curves corresponding to 0.5 Efa and 
II operation are also sLwn in Figure IH:10. If the vehicle op- 
erates between zero and 6 mph, the motor is always operated at 
0.5 Eb and 1000 rpm, and the slipping clutch provides the require 
speed. However, when the vehicle speed falls below a specif le 
value during a deceleration or when standing before a traft 
light, the primary drive clutch is disengaged (opened). 

Betiyeen 6 to 12 mph the vehicle is operated only. 

Below the rated power line (with 0.5 Eb) , steady state operation 
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DC Motor Efficiency Curves at Half Battery 
Voltage (Parallel Operation) 
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111,2.1.3 C ontrol Block Diagram 
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Figure III-9. 


Comparison of Efficiency-Speed Curves of DC 
Motor for Full and Half Battery Voltage 


conunands the positive torque which is developed by electric motor 
and heat engiL, but the negative torque commanded 
f'an be developed by the electric motor only in the regenerativ 
mode of operation. A simplified block diagram of the motor torque 
control “ Shown it Figure III-ll. The hotel commend torque 
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i-or and 'Tutr =^command torque to heat engine. — _ . 

bunion of^TpM and Tug depends on a special algorithm which will 
Durion or igM HE„* >■ _ . mo 4 -or ooeration only. 


s snuwii J-II J. J- J. - X. • ^ 

where = command torque assigned to electric mo- 


The optimum distri- 


tra;tc?ibtl"i:ttr;"M;= » mdicetis motor operetion only 


The feedback torque control loop system has an inner 
current control loop. The error in the current control loop weakens 
the field current tt establish the desired “mature current. _ Under 
the condition of battery state ‘^^s^harge S > .7b and T^m - 

tihe heat enaine will be required to charge the battery by tne co 

^and l^rSn? -ICH will depend, on "r^helS^af c«r"e“ 

available that is subjected to a maximum limit. The actual current 
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Figure III-ll. Motor Control Block Diagram 

limit will be set after consultation with the battery manufacturer, 
Feedback torque is not available through a transducer and will be 
computed by the relation T = Kj3fla. The coast down torque, Test/ 
holds true when both accelerator and brake pedals are released 
and corresponds to a fixed amount of regeneration. 


III. 2, 


Gear Cha’^ginq Strategy 


The gear ratio at any vehicle speed is determined by the de- 
sire to attain the optimum efficiency condition of the electric 
motor. The motor efficiency is highest near the base speed (2000 
rpm) . 


The strategy of 
diagram in Figure II 
vehicle torque-speed 
Eb mode of operation 
first gear (GRl) and 
second gear (GR2) at 
2000 rpm. The seime 
to GR4 transitions, 
reverse transitions 


gear changing is illustrated by the sequence 
1-12 and the operating points are shown in the 
curves in Figure III~13. Regardless of .5 Ej^ 
, the motor always starts from standstill in 
as the speed increases, the motor goes to 
3567 rpm so that the speed after shifting is 
principle is followed for GR2 to GR3 and GR3 
As the car slows down from high speed, the 
occur at the same operating points. 


^ 3567 


^EM ^ 2000 


WcM ^ 3008 



CD CM 2000 


^ MOTOR SPEED, rpm 



> 2580 


^ 2000 



Figure IH-12. Motor Gear Changing Sequence Diagram 
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1 1 1 . 2 « 1 . Startup SoMuonci ny 

Figuro T!I-14 shows tho startup sequencing flow chart. As 
mentioned f>reviously, regardless of which propulsion unit is pri- 
mary in the drive system, the vehicle always starts with the elec- 
tric motor. Soon after the start from rest, the sequencing has 
to take one of the following branches; 

(1) If the demand torejue is loss than rated motor torque, 

Tj., and vehicle sj)eed is below 12 mph, 0.5 Ejj mode of 
operation is desired. However, in this mode if motor 
speed is above 2000 rpm (vehicle speed = 12 mph) or 
armature current exceeds 430 A, conditions are estab- 
lished for going to mode. 

(2) If during steady operation in 0.5 mode the battery 
statc-of-discharge becomes greater than 0.7, the vehi- 
cle is run with the heat engine as the primary propul- 
sion unit. 

(3) If the initial command torque is greater than Tj-/ and 
the battery state of charge permits, the transition to 
Ejj mode of operation occurs. However, if the condition 
S '• 0.7 is detected, tho heat engine is started and 
used^as tho primary propulsion unit. On the other hand, 
if T ' T^., the heat engine is started for load leveling 
purposes. The heat engine is always started using the 
vehicle drive shaft until its speed reaches 500 rpm and 
then the heat engine is fired. 

I I I . 2 . 1 . 6 Regeneration Mode Sequencing 

For the active regeneration mode, the same block diagram as 
seen in Figure Iir-lJ holds true except that the command torque 
is negative. In this mode the battery is charged by the motor 
acting as a generator. The regeneration mode flow chart is shown 
in Figure 111-15. As the speed slows down in the Ei, n\ode and the 
field current rises to the rated value, .5 Eb + Rs is applied to 
the arntature circuit. As the current falls below critical value 
lac' *5 Ejj is switched on and regeneration is continued until 
If ~ ^fr* Then the vehicle stop is completed by applying mechani- 
cal brakes. Several other possible entry points are also shown 
in the flow chart, 

T T 1 . 2 . 2 PROPUL SI ON WITH HJ^^ ENGINE ONLY 

The heat ongino is the primary source of power in highway 
driving when the vehicle si>eed is typically above 30 mph or i f 
the battery state of discharge becomes greater than 0.7. 

111.2,2,1 Performance Characte r i s t ics 

The operating characteristics of the h«'at engine which are 
important for control strategy development will be briefly re- 
viewed. Figure Tll-16 shows the maximum engine power and torque 
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Fiqure III-15. Regeneration Mode Flow Chart 


available for various speeds (rpm) under maximum throttle opening. 
Figure 111-17 shows the fuel consumption at different power frac- 
tions (Pf) under different engine speeds. As shown in the figure, 
the fuel consumption is lowest for the 2000-3000 rpm curve. Again 
as Pf decreases below typically 40;j., fuel consumption increases 
rapidly. Similarly, emissions become high if the engine is run 
above 86% power fraction. Though transient operation is permit- 
ted at any operating point, the control will attempt to restrict 
the operation to the high-of f icioncy region oounded by the effi- 
ciency/emission limit curves. Figure tlI-18 shows the normalized 
torque vs. throttle angle curves at different engine speeds. fig- 
ure 111-19 shows the torque vs. speed curves with di ffert?nt throt- 
tle angles which have beed derived from Figures 111-16, 17, and 13 
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Figure f 11-16. Maximum Engine Power and Torque vs Speed 


The torque corresponding to 86V. (T^jj) and 40° (Tcj^) power outputs 
are also shown in the figure. The throttle angle is the main con- 
trol variable when the heat engine is in operation. The throttle 
angle relationships used in the present study are for the diesel 
engine, but they are typical for a fuel-injected gasoline engine. 
Further systr'm controller development in Phase IT would use throt- 
tle angle relationships for the 1.6 f gasoline engine supplied by 
W. 


111 . 2 , 


^ones of Operation 


The toj tjuo-speed cvirves of the heat engine gi ven in Figure 111-16 
can be translated to vehicle drive toc/pie vs speed curves for each 
<|oar ratio. Figure 111-20 shows such a plot of maximum torque-speed 
curves corresjjonrtinq to a throttle openintj of 60®. The 86V. «and 40?. 
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curves are also plotted for each gear ration Since the power trans 
mitted is essentially unaffected by the change of gear ratio, the 
operating points described by a constant speed (in rpm) lie on a 
constant power hyperbola * The envelope bounded by the maximum 
torque-speed curves in Figure I IT-20 describe the zone of operation 
by the heat engine. 

1 1 1 • 2 . 2 . 3 Heat Engine Startup 

The heat engine is always started off the vehicle driveshafl. 
This procedure means, in essence, that the electric motor acts as 
the starter. Figure Iir-21 shows the transient when the heat en- 
gine is coupled with the power train. Assume that HE clutch is 
closed at A which lies on a constant power profile Phe • 

Momentarily, the motor speed will fall from u\i to resulting in 
an armature current overshoot. The locus of Pjjjv^ should be such 
that the resulting current {>eak does not exceed "the profile of peak 
power PpK* Eventually the field current will respond to return the 
armature current to the original value. The heat engine might be 
required to start early during battery switching because of peak 
load requirements or battery state of dischar^je bt*coming greater 
than .75. Under these conditions, the engine clutch may be closed 
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THROTTLE ANGLE RATIO ‘’<- 

Figure I 11-18. Normalized Torque-Throttle Angle Curves 

in the 0.5 Eb mode so that the engine speed would be about 1000 rpm 
and the peak current would be limited to 480 A. This procedure is 
shown in Figure III-IO and explained in the flow chart (Figure III-14). 

I I I . 2 . 2 . 4 Co ntrol Block Diagram 

The control block diagram of heat engine operation is shown 
in Figure 111-22. It is a torque controlled system similar to that 
of electric motors where the command torque TjV is assigned by the 
torque distribution algorithm. The error in tne torque loop gener- 
ates the throttle angle command '•* and the corresponding error in 
the angle control loop drives a step motor to set the angle. Since 
no torque transducer is used, torque will be derived by computation 
from IT and n'jji? signals. The torque relationship will be supplied 
by VW based on tests of the 1.6 i’ EFI-L engine. 

T II. 2. 2, 5 Gear Changing Strategy 

The optimum regions of operation with different gear ratios 
are shown in Figure TIT-23 and the gear changing sequence diagram 
is shown in Figure IT 1-24. The transition from GRl to GR2 occurs 
if the speed exceeds 5000 rpm or the speed is greater than with 
Lortiue fulling below the T(_’u curve of GR2. The down-shifting tran- 
sitions will be initiated if the speed falls below 1000 rpm or speed 
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Figure III-19. Torque-Speed Curves at Different Throttle Angles 

is less than (02 with torque exceeding the T^jj curve. Similar tran- 
sitions in the higher gear ratios in Figure III-24 are described 
with the help of the Boolean Functions. 

111.2.3 PROPULSION WITH ELECTRIC MOTO! AND HEAT ENGINE COMBINE D 

The electric motor and the heat engine will be required to 
operate simultaneously under the following conditions: 

(1) When the heat engine or the electric motor is running 
alone and the commanded propulsion torque is beyond the 
capability of the primary propulsion unit, combined op- 
eration will be demanded. In this combined operation, 
when the total commanded torque falls within the capabil- 
ity of the primary unit, the system reverts back to the 
original condition (i.e., one unit operating). 

(2) Electric motor starts the vehicle from rest. If» after 
the initial start-up operation of the vehicle, the battery 
state-oE-discharge is greater than 0,70, the motor and the 
engine run together for a short period until the engine 
begins to function as the primary drive unit. 
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Figure III-20. Torque-Speed Curves of Vehicle with Heat Engine 
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Figure I I 1-21. Motor Transients Due to 

Coupling of Heat Engine 

(3) The heat engine is required to charge the battery anytime 
the state-of-discharge exceeds .75, so that the battery 
capacity remains sufficient for starting from rest and 
peak load requirements. In this mode of operation, the 
motor acts as a generator and it operates in the current 
control mode. Since the heat engine acts as the primary 
propulsion unit only, its excess power capacity is uti- 
lized to charge the battery subject to a maximum current 
limit. 

III. 2. 3.1 Gear Changing Strategy 

In the combined operation of the heat engine and electric 
motor, the total available torque is determined by the addition of 
their separate torques. The gear changing strategy is defined such 
that the gear ratio falls in the common range of both the drive 
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Figure III-22. Heat Engine Control Block Diagram 

units. The gear ratio is determined by the operating point on 
heat engine torque-speed curves provided the operating speed of 
the motor is above the base value (2000 rpm) and below the maximum 
speed. Figure III-25 shows the zones of operation of the heat en- 
gine for different gear ratios and the corresponding sequence dia- 
gram is given in Figure III-26. Parallel operation of motor and 
engine is normally restricted to above 12 mph (i.e. , 2000 rpm in 
GRl) . The .5 Eb mode of operation for the motor is permitted with 
the heat engine on a temporary basis during a transition from motor 
only to heat engine only or vice versa. If the speed in GRl ex- 
ceeds 5000 rpm, shifting occurs to GR2. The down-shifting transi- 
tion will occur if speed goes below 2000 rpm or torque is higher 
than Tch of GR2 with Speed below The gear shifting conditions 

for different gear ratios are summarized by Boolean functions in 
Figure III-26. 

I I I . 2 . 3 . 2 Torque Distribution Algorithm 

In the combined operation of engine and motor, the total com- 
manded torque is to be distributed between the propulsion units so 
that the overall system operates in an optimum manner. Table III-l 
gives the algorithm for torque distribution. The total commanded 
torque T* is determined from the accelerator pedal position and is 
identified to be in the range for combined propulsion unit operation 
and Teh ^HE determined. 

I I I . 2 . 4 PROPULSION UNIT SEQUENCING S TRATEGY 


The sequencing strategy of propulsion units is summarized in 
Figure IT 1-27. The vehicle" will start in EM mode and can transition 
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Table lU-l 

torque distribution algorithm 
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The variables used above are defined below: 


"^CH ” maximum preferable heat engine torque for low emission 

"^cl ~ minimum preferable heat engine torque for good fuel 

economy 

*^EMm ~ peak motor torque for Ej^ transient operation 
'^EMr ~ ^3ted motor torque 

"^max “ total peak torque for motor and heat engine 

"^mn ~ minimum preferable motor torque for good efficiency 


to HE mode through the EM + HE mode only. if regenerative br;,kinr, 

tL‘"pJ^sent'^mode°o returns to EM mode irrespective of 

khj ^ of operation. During steady operation in any of 

the modes, the required command torque is determined from 

position and executed by tS ?™p“tivrco«?o? 
block diagram. The system transitions are summa?ixe"L ?Suois: 

EM < EM + HE 


modo poosible paths of transition from EM to EM 4 fif 

stat; of dJscha^ge'^beSoLTg^ battery ' 

' ^ engine is started from the vehicle driveshaft 
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Figure I I 1 - 24 . Engine Gear Changing Strategy 

be summarized as follows: j- , • 

, in the Eb mode of operation if the battery state of dis- 
charge becomes greater than 0.7. 

. The torque demand is such that it crosses the critical 
power profile Phe delay Td. 

The initial torque command is above Tc ' 

alld speed above 1000 rpm is detected in 0.5 Eb ' 

, The battery discharge exceeds 0.7 and speed above 1000 rpm 
is detected in the 0.5 Ej^ mode. 

, vehicle speed exceeds 30(1-8)2 „,ph for time delay Td. 

under any of the above conditions, the vehicle goes to EH + HE 
mode after closing the HE clutch. 

The transition from the EM t HE to EM mode 
brake pedal is pressed (regeneration required) or cm-ve with 

S"afd\rrque falL below that cor respond ing^t^ 

the battery state of charge permi., HP eluteh is opened, 

command torque is transte_irad to the motor, HE clut.n 

and the engine is shut oEf by setting Q - 0« 


III-25 






VEHICLE SPEED (mph) 

^ure III-25. Gear Ratio Operation Zones in Combined Drive 



-26, Combined Drive Gear Changing Strategy 
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UK K M + nr. ^ 

;;:T;:-.nsition f- nn to ^^o^-curs ^ 

peak power demands i,u‘ envelope above which assistance 

;;?ntlon. Fiquro "’tJ® Is placed somewhat below 

of the motor is required. enqine operation above Ten is 

avoided'brallowlnrBSticle'nt time tor starting the motor. 

the aoove tr-rnsrtien f;S,"^i''i"h?'baftory‘s:i“^^ 

Started (i.e. , brouqht of HE speed before the clutch 

method. It is then ^j^eration of the vehicle during moto 

is closed. 'T'his avoids a , metric motor is always up to 

^’"'"''d^and iri^ac?i‘vated"b; simply turning on the field curren 
l^dihen closing the n«ln contactors. 

j rhG 111 ’ + EM mode occurs 

The reverse transition to HE mode from the 

under the following shown in Fig- 

• The command torque fal 
ure 111 - 28 . 

The battery state-o.-discharge ^ , 

Battery state- .f-discharge is greater than 0.7 
is charging the battery. 

Vehicle speed exceeds .lOd-S)- mph. 




When any Inc of the ,fove conditions is^enco^^ 
“Ss^Lrrp:nSr‘anrmo?or''ficld is de-energized. 

Ill’ A I'M j 

;;iis Simple tr.ansition.occurs when th^^ ^ruM^iloserand ‘ 

?L.‘^m;?orrr:.t''Lrfstr-n,r:^^^^ — - 

contactor is closed* 


111.3 WICROCOMPUTER SYSTEM 
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ni.;s 1 C’.N CtlNSUIEdtA TlONI: 


> • 1 tL Ji — - — — 

The ^^ntroiler is to be designed to perform the followrng 

major t unct ions ; 

.. VEllU'hE PEI VI ; TRAIN SKOl'ENClNG 

- HEAT I’.NGINE 'VOWVV. PONTROh 
j..LK(’TRU' MO'l'OR TOROPl’ CONTUOl. 

- HATTin^Y CUARC.r./GAUr.lNG 

_ OP!’RA'l’(M< INTERFACi; 

SYSTI’M MONITHRINC. AN 1 > niAGNOHlKP 


I n “29 



Figure III-28. Engine Torque-Speed Envelope Beyond Which Transition Occurs 
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The selected implementation must take into account the relative 
complexities and sampling intervals necessitated by each function. 
The most complex function, VEHICLK SKQUKNCING, is slow relative to 
the TORQUJ': CONTKtM. functions. From previous experience with the 
I TV electric vehicle controller, preliminary estimates for the sam- 
pling intervals for each function are given in Table 111-2. 


Table 111-2 

CONTROLl.KR FUNCTION CIIARACTFRI STICS 


Functio n 

Vehicle r>equence 
UF Torque Control 
KM Torque Control 
Battery Charge 
Operator Intorfaco 


Comp le XI ty 
nigh 
Modi urn 
Modi urn 
Medium 
Low 


Sampling Interval 
100 msec 
4 msec 
4 msec 
I sec 
120 msec 


Consider that the TTV controller required about 50% of an INTEL 
8080 *s processing for mainly two functions, motor current control 
and electric drive sequencing. For this application, even with a 
higher performance CPU (such as the INTEL 8086) the processing re- 
quired would probably be much more than 50*i and, therefore, would 
leave loss margin of flexibility. Beyond functional considerations, 
the implementation must take into account special requirements as- 
sociated with the maintenance and test of the controller and the 
hybrid power train. For diagnostic purposes the controller hard- 
ware and software has been partitioned into modular functions which 
may be tested independently. 


111.3.2 HARDWARE DESIGN 

The microcomputer based hardware shown in Figure 111-29 is 
divided into four major parrs and is containetl on three separate 
boards. Each board has a separate microprocessor and exchanges 
informal ion with other boards through a common bus. 


Board 1 , Vehic l e F ont ^ 11».- r 

The vehicl*.' controller provides the vehicle drive train se- 
quencing and heat engine toripie control functions. This board 
serves as master and is bast'd upon a 16-bit CPU (such as the INTEL 
8086 type) . 

B oard 2, Elect r ijr Drive Controller and^ O perator fnterfarr Vnit 

The ELECTRIC DRIVE CONTROLLER provides the cloctric motor 
torque control and battery chatge current profile functions. In 
addition the OPldWl’OR INTIIRFACE UNIT would send display information 
and receive control inputs from the opej.'tor. 
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Board 3, Controller Monitoring Ins trument 

The CONTROLLER MONITORING INSTRUMNET enables Che on-line moni- 
torinq of system parameters within the two controllers and, co^re- 
spondinqly, the hybrid drive train. The unit would serve initially 
S a means for perfecting the hybrid control system sfategy. Later, 
same on-Une monitoring features might be used for test purposes. 

Boards 2 and 3 would be based upon 8-bit CPU's (such as the 
INTEL 8085) The information exchange bus provides communication 
between ?hetw™lon?rollers and the MONITORING INSTRUMENT. « the 
timrof ^tailed design, the optimum bus type and communication pro- 
tocol Luld be detlrmin4d. special test inputs are planned for each 
controller so that each can be operated independently for debugging 
of the hybrid drive train. 

111.3.3 SOFTWARE DESIGN 

The software subsystems for each "'^crocomputer is to 
Cured top-down into modular units for ease of development and flex 
ibility of design. The software operating system for each micro- 
computer is to L clock driven for real time operation. Figure III-30 
presents a simplified view of the functions implemented in software 
between the two controllers. Assembly language programming is r - 
auired for each CPU type in order to meet performance requirement 
Ssoctated wttS the s^Spling intervals of the controller functions. 
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Appendix IV 

DESIGN STUDY OF THE BATTERY SWITCHING CIRCUIT 
FIELD CHOPPER. AND BATTERY CHARGER 

IV.1 INTRODUCTION 

Preliminary design of a battery switching circuit, field chop- 
per and battery charger for the Hybrid Electric Vehicle (HEV) were 
undertaken in this study. Block diagrams of the circuit implemen- 
tation, preliminary packaging, and size and weight estimates were 
desired for each function. Manufacturing cost for production quan- 
tities of 100,000 units per year were estimated based on a produc- 
ibility analysis. 

Goals of the preliminary design study include: 

• Low-cost but reliable electric propulsion motor controller 

• Modular circuits to minimize development time and cost 

• Accessible packages, i.e., each function is removable 
independent of other functions, to simplify debugging, 
maintenance, and repair. 

Figure IV- 1 is a functional block diagram of the major com- 
ponents in the HEV electric drive subsystem. Technical and cost 
details of the microcomputer-based "controller'' (above the dotted 
line) are not included in this study. However, the packages pre- 
sented are sized to include the microcomputer controller. The 
propulsion battery is illustrated in Figure IV-1 for clarity only. 
Remaining functions, including on-board charger power unit, battery 
charger, battery switching contactors, and field chopper are in- 
cluded in this prelimi’^ary design. 

The quantitative results of this study are presented in Sec- 
tion IV-2. Design detail and circuit discussions of each function 
are presented in Section IV- 3. Section IV-4 includes details of 
the preliminary packaging. 

IV.2 SUMMARY OF THE DESIGN STUDIES 

The preliminary design results for the battery switching cir- 
cuit, field chopper, and battery charger are sumraarizec', in this 
section. Results are given for manufacturing cort and selling 
price, size and weight, and recommended packaging for each of the 
components. The manufacturing cost results presented are appro- 
priate only for the following assumptions: 

) 

1) Costs are in first quarter 1979 dollars 

2) 100,000 HEV electric drive subsystems arc produced per year. 

Cost data from the produc ibi li ty analysis for the Mear-T<'rm 
Electric Vehicle were used for estimating manufacturing costs. 
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Material costs were obtained from vendor estimated quotes for the 
components in production quantities. Labor estimates are based on 
typical assembly times for similar General Electric Electronic 
Systems. Production cost estimates were obtained by applying ap- 
propriate factory overhead factors to the base material and labor 
costs. A functional summary of the estimated manufacturing cost 
of the propulsion control electronics and the power contactor/ 
starting resistor assembly is given in Table IV-I. The high volume 
(100 K/yr) selling price estimate of the propulsion control elec- 
tronics and the power contactor asseittoly is $829.90 as shown in 
Table IV-2. The selling price includes profit (lO'A after taxes) 
and equipment/development amortization. 


Table IV-1 

PRELIMINARY PRODUCTION COST ESTIMATES 

(Bat. Sv;itch Ckt, Field Chopper, Bat. 
Charger and On-Board Chrg. Pwr. Unit) 



Material 
Cost ($) 

Labor 

(Minutes) 

Estimated Mfg. Cost 
($) , 100 K Qty 

Power Contactor Assembly 




Bat. Switch Contactors/ 
Starting Resistor 

173. 38 

10.0 

243. 30 

On-Board AC Charger 
Power Unit 

58.49 

18.0 

93.05 

Wiring/Enclosure 

8.00 

10.0 

18.38 

Propulsion Control Electronics 



Field Chopper 

22.00 

34.8 

57.11 

Battery Charger/ 
Logic Power Supply 

137. 78 

43.0 

219.63 

Wiring/Enclosure 

11. 65 

29.7 

38. 12 

TOTAL ; 

412. 10 

145.4 

669.58 


A modular circuit board — Wire Wrap (WW) or Printed Circuit 
(PC) — packaging approach is recommended in this study. Each 
component function is normally mounted on a single board. Function 
weight estimates, plus approximate circuit board and power supply 
requirements, are given in Table IV- 3. 

Recommended packaging requires two enclosures, a power con- 
tactor/starting resistor assembly and a propulsion control elec- 
tronics housing. Functional paritioning and packaging alternatives 
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Table IV- 2 

SELLING PRICE SUMMARY 

(Power Contactor Anoembly and Propulnion Control Electronics) 

Cos t/Unit 


($) 

Manufacturing Cost 669.58 

Equipment/Developraent Amortization 22.00 

Profit (10% after taxes) 138.22 

TOTAL SELLING PRICE; 829.90 


Table IV- 3 


PRELIMINARY HEV 

ELECTRIC 

DRIVE CONTROL 

PACKAGE SUMMARY 


Enclouure/Funotion 

Number 
ol Boards 

Powe r 
Supply 
Requii ed 

Of f-Doard 
Components 
Requi rod 

Function 

V>leight 

(lbs) 

Power Contactor Assembly 





Bat. Switch Contactors/ 
Startiny Resistor 

-- 

^^Bat.T^' ^Bat.2 
Bat. Com. 

— 

18 

Shunt Amplifiers 

.5 

‘ 15V 

— 

1 

AC On-Board Charger 
i^ower Unit 

Enclosure/D rackets 

— 

Bat. 1 

— 

B 

T 

Propulsion Control Lleetronics 





F’ield Chopper 

1 

• 15 V 

• 7,5V 
isolated 

20A 

Darlington 
+Heat Sink 

4 

Battery Charger 

1 


50A 

Dari i ngton 
+Heat Sink 

4 

Microcomputer Controller 

2 (avail- 
able) 

r5V 

Sensors 

5 GSt. 

Logic Power Supply 

I 

12V DC 
Input 

Fuse 

1 

Boards 

1 (wire 

wrap) 

or 

2 (Printer 

Ckt. ) 

.1 


1 

r.nclosme/Bracket s 
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arc presented in Section IV-4. Figures IV-2 and IV-3 illustrate 
the packaging recommended based on this preliminary design. 

IV.3 PRELIMINARY DESIGN CONSIDERATIONS 

Preliminary circuit block diagrams are presented for battery 
switching, the field chopper, and the on-board battery charger. 

The circuit designs developed present relatively low techrical 
risk, are highly reliable, and can be produced in large quantities 
at low cost. 

The relatively simple motor control strategy utilizing field 
control and battery switching with a series starting resistor is 
justified because the HKV uses a multi speed transmission with slip- 
ping clutches. In this concrol technique, the motor idles at ap- 
proximately 1200 rpm when the ignition key switch is initially 
turned "on" and the vehicle is not moving. During idle, the two 
battery oanks are switched to a parallel mode with 60 V applied 
to the armature. Motor speeds above 1200 mm are obtained by 
either field weakening or switching the two battery banks in series 
(120 V). Transitions from zero rpm to idle or changes in the 
battery mode from parallel to series or series to parallel modes 
requires the starting resistor to be inserted in series with the 
motor armature. 

Unigue features of the battery switching armature control 
with starting resistor include: 

• Simplification and increased efficiency of battery 
charging from 120 V or 240 V ac lines 

• Extended regenerative braking down to app*'oximat ley 
6 mph 

• Increased efiicierscy to drive accessories v.’hfui the motor 
is idling at 121*^3 rnm 

• Peak battery currents limited during batt«*ry mode sv;i’ch 
ing by a series starting resistor 

• Contactor bounce during battery mode sv/itching cannot 
short batteries 

• 120 volt mode requires tv;o contactors to be closed. 

Figure IV-4 illustrates the battery sv/itching circuit. Ten 
12-V batteries, i.e., two 60-V banks consisting of 5 batteries 
per bank, are assumed for the HEV. Single Pole Double Throw 
(SPOT) contactors CS/Pi and CS/P2 switch the two battery banks 
to either .? parallel mode (GO V) o*- a scries mode (120 V). Each 
contactor contains a mcciianical ly driven microswitch that is used 
to provide return signals to the microcomputer concrol Icr to ac- 
knowledge contactor closure. Transistorized relay driver modules, 
with integrated suppression circuits and optional time delays, 
translate logic level contactor commands from the controller. 
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alony with current shunts and shunt amplifiers are |jacKaqed in a 
sinyle enclosure anii mounted under the hood. F/levated tempera- 
tures resultiny from the lieat engine are not expected to be crit- 
ical because there is a minimal amount of elect ionics contained 
in this enclosure 

The preliminary design of the field cliopper an*l battery cJiaiger 
emphasizes high reliability and capability of large volume produc- 
tion at low cost. To increase reli.jbility and lowoi pro<luction 
costs, circuit tlesi.gns should incliule commercially available "o11- 
the-slielf components that present moderate technical risks. In 
aildition, it is ilos liable to liave moihrlar desi<tns that use acces- 
sible packaging techniques to simplify debiKjglng, maintenance, and 
repair. Modular design, at both the lunction (board) U'vel and 
tlie sub- function level, reduces circuit development and design 
t i me . 


Figures IV-5 aad IV-G illustrate circuit block iliagrams ot 
the field chopper and battery charger. both functions are "choi>- 
por" tyjx* ci rcvii ts iiuplomentod on single board modules and are 
capable of sharing tire development cost of soveiirl sub- 1 unct i oivi i 
circuits. Table IV-4 illustrates the suIj- f unct i onal similarities 
and ilifforences in the two modular designs. 


The field chopper recommended in this, preliminary di'sign is 
a I'ulso Width Modulated (PWM) constant fn quency chopper similar 
in concept to that currently implemented in the t)OF/c.K N»^ai-T«‘rm 
Fleet ric Vehicle. A iligital PWM signal fro the eont roller (-‘Her 
current switch loqi«' and amp 1 i 1 Lcat i on via VMOS base drive ciicuits) 
commands the output power l)arlinqtt>u to turn "on" .ind In 

the event that the i nstantam'ous field current exceeds a predoter- 
miiicil level, the current li)tjie in'iibits "on" ti i»jg<'i:> .iiul li<*nce 
turns oil tlu' |>owt‘r Parliuqtou until t !u‘ ovt-r cui rent condition 
is eliminatiuL Tfiis leature prevents possible >lamage to the pow*M 
1‘arlington in the event of high lev«'l noisi', errone<.us commands 
1 rom tlu* cont idler, oi a detr'i-tive commun i i*at i «»n link betw<*en 1 he 
controller an«l tlu* Held choppt'r board. 


Feedback to tlu* control let concerning lioth tlu* armature cur- 
rent and the fieHl current is used in the comiuitation of Mu* PWM 
input commaiul that provid(*s the n<*('<.?ssary t iel<l regula* ion and 
motor speed eont rol for the given conditions. I*reliminary ^lnalysi:; 
indic-ates that an of f-t lu-she 1 1 TUW SVT-l.m,.) NPN power bailingtoii 
(20 A eont., 450 V) is sufficient for the field chopi»er output 
stage. Freewheeling diodes and snubbi'i components prevent . x- 
cessive voltage spikes during transistor switching. 


S«*b'ction ol -i PWM input from Mu* i*onl roller fo Mu* lii'ld 
cho[)per siraplifies and reduces the c’okI ot the current logic, pro- 
vidi'S excellenl noiGO Immunity, and n*duces ImckjMane inteilac** 
liardware. Ail the logic tunctions of (his liebl chopp«*r ar.- i ni- 
plenu*nt(*.l on a single PC board. Tin* power barliiuffon is mouiil->-l 
on an exfernnl, isolafed heat sink. Adtli(i<mal packaging d.dail 
is inclndoil in Seel ion IV-4 r>l this report . 
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Tabic IV~4 

COMTMUSON OF SIMILARITTRS AND DIFFERENCES BETWEEN 
FiELD C_I10PPER AND MATTERY CilARGER PRELIMINARY DESK’.NS 


. ; 1 Mil ! .i I it If;. 
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Imsc' diiVi‘ vK'-ao coir.'iMtMi 
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•\IUa 

r i o U I 

Mod I un powo I out |»ul 
( lOA ^ tV) 

Hart i‘ r V i n p u ! 1 1 o w c* i 

dul l out switv'h lo.jio 
( PWM ounstvint 
t ! o {uoncy ) 


^ V H tcry J-M i * l ei 
Hi -lit powei output 

{24A.^v.j» r.ov) 

i fiod ae {HO Hz) 
input powoi 

t'luiont switch lo».|ic 
(poak cuiiont limited 
chop; ’ft) 


Lo'.mI on”i.>*Mvt i v.i v*ui I't'iit piAdoot i ».>n 

OpiM at i( *!i 1 i i >m MauM.o lovjLc j*owoi 
-..upplv 


Unique features ol the battery cliarger for the MEV using bat- 
teiy switching armature control result in increased charging cur- 
rent c.apabilily from M(' V ac input power and elimination of the 
ofr-boaril chai vjer. 

This bat ti'iy clioppi r operates on a "down clioj'per" technique 
that elleclively supplies currmit to the battery during intervals 
wlien the i ns’ ant am i>us voltage of the full wave rectified input 
siiu' wavi? I'Xi’i.'ods tlu' voltage of the battery. When chaiging from 
IJO V ac input power, the batteries are configured in the parallel 
mode (01) V'). In this condition, the battery charging duty factor 
exceeds 70... in comparison to the battery charger of the Near- 
li rin Klectric Vehicle, this charger has improved on power factor 
and thus improved charging capability from 120-V input power. 

t’om]>arcd to thi' "on-boani" chargor, tlu* "off-board” chargor 
normally yuppJit's more power from the* ac line ami thus it is ca- 
pable of charuing thi* batteries in a shorter tiru* interval. ft is 
a:;sumed that .i future HMV owiu'r wlu> d(’sii*es a "taiif eharge*" ca- 
pability will have a J40-V servic'o available. dommon household 
.MO-V circuits are JU and !30 A. An electric clothes dryer is 
noiiualiy opt'rated from a 30-A circuit, and an electric range 
typically operates from a 50-A circuit. 

Assume that the l)a(tery ehartjer output Darlington has aver- 
age and peak current latings (Mj'able of chat<fing two parallel 
banks (j I l>atteru*s al (>0 V I'roni a 120-V, fO-A service. Tn this 
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case the maximum average transistor current is approximately twice 
the average cell charging current. Also, assume that the voltage 
rating of the output power Darlington is sufficient to operate from 
240-V input power. For this charging scheme, when the control- 
ler senses that 240 V input power is being supplied, it commands 
the batteries to be switched to the series mode (120 nominal volts). 
Based on the rating of the output power Darlington, and provided 
a 240-V, 30-A service is available, the average charge current to 
each battery is a factor of 4 greater than it would be with a 120-V, 
15-A line, and a factor of 2 greater than it would be with a 120-V, 
30-A line. (120-V, 30-A line is the maximum input power specified 
for the Near-Term Electric Vehicle, ITV, Reference #2.) 

The objective of this discussion is to illustrate that the 
reicommended battery charger/battery switching technique has the 
flexibility to serve double duty as either a low rate or high rate 
battery charger. Thus, it may not be necessary to provide an "off- 
board" charger, although provision is made to interface with the 
higher current off-board 240/208 V charger required by the RFP. 

It should also be stressed that the cited example is based only 
on the power limits of the output power Darlington and does not 
imply that the maximum cell charging current necessarily should 
be increased by a factor of 4 without consulting the battery 
manufacturer. 

For routine battery charging, the battery charger functions 
as follows. A oi;e-bit digital PWM input from the system controller, 
after low pass filtering, is the battery charger current command. 
This input command is compared to the battery charger current. 
Current switching logic output, after amplification via the VMOS 
base-drive circuit, appropriately pulses the power Darlington to 
maintain the battery charger current at the level prescribed by 
the system controller. Local current limit feedback protects the 
power Darlington from excessive current. Appropriate PWM signals 
from the system controller allow the charger to operate as a con- 
stant current charger until a predetermined battery voltage limit 
occurs. At this point the battery charger current is tapered ac- 
cording to an algorithm stored within the system controller. When 
the off-board charger is connected to the vehicle, the micropro- 
cessor disconnects the on-board battery charger, connects the bat- 
teries in the series mode, monitors the state of charge, and trans- 
fers charging control to the oft-board charger. 

For equalization charging, the battery chargor functions in 
the following manner. Equalization charging is done at a low rate 
for an extended time period to allow the state of charge of each 
coll to equalize. During the equalization charge mode, the sys- 
tem controller commantis tlie batteries to be connected in series 
(120 volt) and the charge curiont to be a sjjocified value (several 
amps). This assures that an identical charge current flows through 
each cell of the total battery bank. The equalization charge mode 
can operate from either 120-V or 240-V ac input power and is done 
after the routine charge is completed. 


lV-13 


GENERAL ELECTRIC 


Proliminarv analysis indicates that an off-the-shelf Motorola 
I re trirunary anaj.y — sufficient for tao 


MJ10016 


power Darlington (50 A cont. , 500 V) is 


battery charger. A freewheeling diode and an inductor allow stored 
currei? to Uow into the battery during intervals when the power 
Sa^^^naton is off? All the logic, rectifier, and base drrve hard- 
ware of ihe battery charger is imp lemon ted 

The power Darlington is mounted on an external i..olated . 

Additional pa. - aging detail is included rn Bectron TV-4 of thr. 

report. 


-me On-Doard Chargor Power Unit (OBCPU) consists °fac power 
contactors, Ground Fault Current Interrupters ((.Ftl), blectromag 
netic Interference (FMl) filters, a 120/240 ac input s„nsor. 


and 

safety interlocks. This OBCPU is very similar to its counterpart 
in the DOE/GK Near-Term Electric Vehicle (ITV) and is o^-^en 
ferred to as simply the "AC Box." This unit 

contactor assembly and is mounted under the hood of the HE . 


powG r 


IV.4 ELECTRONICS PACKAGE 


packaging objectives include high reliability, 
to moLlar fuLtions, and low cost for high 

Accessible packaging allows each ?elt??e sim- 

to be removed independent ot other functions. This feature sim 

plifies initial debugging, maintenance, and repair. 


Functional packaging, partitioning, and placement depend on 
intorfaSf requirements ami the need for P^otdot ion from extrOTO 
.Aionrtomperaturos. For example, the system controller 
‘cmnpu^LrreqSros considerable ope rator/display interface. Mount- 
this conwiiler within the passenger compartment protects the 
eSmpon^ntrfrom the extre,i« ambient 1"?, 

compartment and simpllfios „£ en- 

rv-ft r-iirnmarize the functional partitioning. Sketches ot tne en 

closure for the power ^ontactor/starting resistor^asse^^ y^an 

propulsion control electronic unit are illust - illustrates 

.nil ? -esuectively , in Section IV . 2 . Figure iv / 

a prilirnlnary'^skemch of board and component placement within the 
propulsion control electronic unit, 


A commercial electronic chassis and backplane assembly is 

f,°^o^mUe"iL"m:ar'srnrdi'mSns'’:^ and)rr'volunK- of forced air ro- 

<jui red. 


IV.5 SUMMARY 


preliminary designs of a battery ^^^^ching circuity 
chopper, and battery chargor functions for the lly 
Vehicle arc presented in this A^jpcndix. 


Thi 


„iit: 

■>se preliminary designs 
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Table IV- 5 


t'KEjij.uyu NAHy HEV POWER 
CONTACTOR/STARTING RESISTOR ASSEMBLY CONTENTS 


• AC Charger Power Unit 

l"terrupt«r, AC Contactor, Relay, 

• Starting Power Resistors with Heat Shield 

• DC Power Contactors 

Series/Parallel Battery Switching 
Main DC Power Disconnect Contactor 
Series Resistor Shunt Contactor 

• Power Circuit Wiring and Current Shunts 


Table lV-6 

PRELIMINARY HEV PROPULSION CONTROL ELECTRONICS UNIT CONTENTS 

• Field Chopper 

Printed Circuit (PC) Board 
Power Transistor 

• Battery Charger 

Printed Circuit Board 
Power Transistor 

• Electric Drive Control 

Microcomputer and Interface PC Board 

• Logic Power Supply 

12 Volt Input Power 

• One Spare Printed Circuit Board 


coats. Packaging techniques prlsent^riiSSlifrfu? reasonable 
maintenance, and repair efforts. future debugging, 
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Af)pendlx V 

RECENT hVVEC PROGRAM REF5NEMENTS 
AND COMPUTER RESULTS 


V.1 HYVSC PROGRAM REFINEMENTS 

Ab part of the Preliminary Design Task, a n^er of refine- 
ments were made in the HYVEC program to account for , 

Tos-es which were neglected in the previous studies and to include 
the effects of the heater/defros ter and a cycling air 
If waste heat from the engine was not sufficient to 
rna needs, a gasoline burner was used to supply the difprence. 

The additional power train losses included were the fo owing. 

• Engine and electric motor friction when either was in 
a stand-by state 

• Transmission pumping losses 
Clutch slip losses 




Energy required to spin up the heat engine before it 
is turned on when the vehicle is in motion 


The ^YVEC program was also changed to permit maximum effort accel- 
Irati:ons t? SI run (or any specified battery state of discharge. 

One of the advanced technology developments _ 

--he I'reliminarv Design Task was the continuously variable tJ^^n 
ndJsion (CVT).‘ Subroutines were added to HYVEC to handle a CVT 
in olace of the automatically shifted 4-speed 
was‘ described in terms of a maximum speed 

and a maximum overdrive ratio, ODR. Hence continuously 

torque input to driveshaft speed ratio can be varied continuously 

in the range 


A_ < < RR 

ODR “ “cij-iveshaft 

With the CVT, the motor and/or engine can be operated at the speed 
required to attain maximum efficiency as long as the re.u ^ 

:ll“^tirfllls between the limits indicated and the s|^ad 

T. Ihole its base speed. The operating used for the heat en 

gine (VW 1.6 I gasoline) is given in Figure V-1, 

?hrelectric motor was maintained as close as possible 1.25 ^ 
motor bSio speed regardless of load. If 

is utside the range of the CVT, the gear ratio at the c-^osesr 
limit (RR or 1/ODR) is used. When both the and mo or 

needed to meet the power required, the the au- 

two prime movers in much the same manner as lo t 
tomatioally shifted gearbox (i.e., nearly jO/iO) . 
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V.2 HYVEC COMPUTER RESULTS 

A nunJjer of IlYVEC computer runs were made during the Prelim- 
inary Design Task. These runs were made to evaluate the effects 
of component and interface losses which wore previously neglected, 
the influence of operating the heater/de f roster and air conditioner 
and the effect of changing gear ratiof>, electric motor rating, and 
vehicle weight on performance and fuel economy. In addition, the 
potential advantage of using a continuously variable transmission 
(CVT) in the hybrid power train, if one were available, was studied 

A summary of th.-’ results obtained in the lirst series of 
IIYVKC runs which dealt with interface losses, accessories, cjear 
ratios, etc., is given in Table V-1. It is clear from the table 
that the (‘ffect - the additional losses included in the refined 
IIYVHC program art signifii'ant anti reiluce luel economy by as much 
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- - Tt is also clear from Table V-1 that when the heater/ 

n.lit be provided pri;nerily by a 

4 -h« caffect on tuel economy is very large. For tne cxamp««. yxvc 
i^ itbS V-l, the urban fuel economy is reduced from 70 « ^ 

4 S mpo^hen 500- Btu/min is needed to |teat the 

nf c^nSi‘ioLrTrmu‘h“!e^^s t^iA "a-f heatL/defroster. 

All the HYVEC runs discussed in the Design Trade-Off 

r?4/ 0 rfnrsr^ndr-dfdt^r^^^^^ 

r;tios‘are ;ypical for faaSorfiom 

three gears with rcitios z.d/i.j/i-u. ^ r-at-c? has a 

ttree-speed automatic transmrssxon in the gearbox/ 

transaxle'^ii^it appears 'J®^c’rmirweS''mad^ ^J^comp^e 

SiSi^d^vlifcle Sr/orLrcrfndiue^rS^ono:? "uSing several sets 
of gear ratios: 

G1 : GM X-body Automatic 

G2 : Baseline 4-speed manual 


G3 


Borg-Warner 4-speed Automatic with overdrive 


The results of the simulation runs ^^n^the^O-100 

effect on acceleration ^ economy is 

^ofira^-t1”^^rhe“rfecrl'=h!ghl,S’luri e“Lnomy is much less. 

HWEC runs were^al^ ™Sac?e!is?icrused'’co?reSpond°to steel- 
beiruniS^being ^TOloped by torg-Warner. Those 

likely to te avarl^le before 1«5 but ^ ..ehicle. 

termine how they would affect, tne p having overall 

The results in Table V-2 and Figures V-2 

speed ° CVT yields both better acceleration times 

tnd rr-teriuel econo^ in urban and higway 

gearboxes having 3 or 4 discrete 9 electric motor near 

^Sspefd%S^brbertL^tiliLd,both^«attain^b^ 

tion and to almost piciure V-2, the fuel 

vehicle speeds below decreases rapidly for ranges 

economy advantage CVT-equipped vehicles have a 

greater than 25 to 30 miles. T*}® seconds less than 
O-lOO km/hr acceleration time of heat engine, 

those using gearboxes for the same ^ hybrid power train is 

Another important advantage o ' rosulti ig from gear shifting. 

iL?ri^L"ci„frorof‘s:^ry;:^!d'^;ow^c\?aiu icL difficult. 
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Table V-2 

HYVEC RESULTS USING A CONTINUOUSLY VARIABLE 
TRANSMISSION IN THE HYBRID BOWER TRAIN 




Acei* 

le rat ion 

Urban 




km/hi 

Km/hr 

At ter til Mi 

tet 

i’en Cyclas; 

Highway 

33.4 

Autom. 

tioarbox 

Gear ratios: 

2,84/1.6/1.0 

5.4 

15.9 

70.9 

37.0 


AXR=3. 3 






Autom. 

Gear ratios: 






gearbox 

3.46/1.94/1.29/1.0 
AXR=3. 3 

4.6 

14.9 

73.7 

33. 8 

Vi. 4 

CVT 

RU=2.8, ODR:=1.8, 
AXR=^4. 1 

4.5 

13. 7 

95.9 

40. 3 

35.7 

C\TY 

RR=2.3, ODR=1.69 
AXR=5.0 

4.5 

13.7 

93.0 

39.8 

33.9 



0 tO ao 30 40 bO 60 70 

URBAN! MILES TRAVELED 

Figure V-2. Fuel Economy Using a CVT in the 
Hybrid Power Train 

During the Preliminary Design Task, detailed iliscussions 
were held with the General Electric DC Motor and Generator De- 
partnK 3 nt concerning motor characteristics and \arith KSB Technology, 
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Figure V-3. Effect of Transmission Type on 
Battery State-of-Charge 

and with Globe-Union concerning lead-acid battery characteristics. 

In each case, inquiry was made as to whether components having 
the characteristics assumed in the Design Trade-off Task could be 
pracured/deve loped by mid-1981. For both the motor and lead-acid 
batteries, it was found that the projected component characteris- 
tics were slightly optimistic. In the case of the dc motor, com- 
puter design calculations by General Electric indicated that 
a rated horsepower of 24 using the same frame size as the DOE/GE 
dc motor, the peak horsepower attainable was 44, which occurs at 
a maximum armature current of 600 A. The design goal of 48 hp 
could bo mot using a larger frame size, but the weight of that 
motor would have significantly exceeded the 220 lb of the DOE/GE 
motor. Based on these considerations, it was decided to reduce 
the motor peak horsepovrer to 44 and use a motor based on a redesign 
of the DOE/GE motor with which there was considerable experience. 

In the case of the load-acid batteries, both ESB and Globe-Union 
(independently) found that within the volume, cell size, power, 
anti energy storage cr)iistraints of the hybrid vehicle design, the 
battery weight would be 750-770 lbs rather than 700 lb used in 
Task 2. The reason for this -was that the energy density of the 
smaller cells (105 AM compared with 170 AH in the electric vehicle 
batteries) was about 16.5 Wh/lb rather than the projected value of 
17*5 liftt/lb. This increased the hybrid vehicle weight by a corre- 
sponding 50-70 lb. 

In the HYVEC calculations made in Task 2, a vehicle curb 
weight of 3700 lb (1682 Kg) was used. Detailed vehicle weight 
studies by Triad Services indicated that a curb weight of 3860 lb, 
including 700 lb of batteries, was more likely to result from the 
Phase II program. Hence the vehicle curb weight was increased to 
3930 lb to account for the incu'ases in battery iind chassis weighi.. 
IIYVi:C calculations were made in Task 3 using the increased vehicle 
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waiqht and slightly lower peak electrlo motor power. In addition, 
the maximum rating of the heat engine wan increased to 80 hp from 
73 bp to bring it into agreement with the VW specification for the 
engine. The inputs for the new HYVEC calculations are; 

Wv = 42 30 lb (192 3 Kg) 

Kp = .048 kW/Kg. 

FE = .645, FM = .355 

The new results for acceleration times ; «id the battery state of 
discharge, fuel economy, and emissions as a function of urban 
distance traveled are given in Figures V-4 to V-7. These values 
were used to update the vehicle specification and energy measure 
values given in Section 4, Tables 4-2 and 4-4. The present values 
of acceleration time and fuel economy are less optimistic than 
those given in reference 1, but it is felt the updated values are 
more realistic because they more accurately account for interface 
losses in the power train and for component and chassis character- 
istics which can be met in Phase II. 


UPDATED VEHICLE DESIGN 


W 4230 lbs MAXIMUM POWER 
" ELCCTflIC MOTOR 44 hp 

HEAT ENGINE 80 hp 



Hybrid Vehicle Acceleration 
Performance 


Figure V-4. 





